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Amend the specification by inserting: 

A verified statement claiming small entity status was filed in parent 

Application No. , filed , and 

such status is still proper. 

The prior application is assigned of record to THE SALK INSTITUTE FOR 

BIOLOGICAL STUDIES. 

The power of attorney in the prior application is to Stephen E. Reiter, 
Registration No. 3 1 , 1 92. 

Please transfer the drawings from the prior application to the new application. 

A true copy of the prior Declaration filed in parent application No. 07/321,384, 
filed March 14, 1 989, is enclosed herewith. 

Information Disclosure Statements filed in the prior application under 37 C.F.R. 
1.97 are hereby made of record (copies of PTO Forms 1449 and 892 are 
enclosed herewith). 

An Associate Power of Attorney is enclosed. 

12. Please transfer the computer readable form (CRF) copy of the Sequence 

Listing from the prior application, which CRF copy was filed with a 
Communication mailed , to this new application. 

1 3 • P1 ease transfer the Statement under 3 7 C.F.R. § 1 .82 1 (f) and (g) from the prior 

application, which Statement was filed with a Communication mailed 

, to this new application. 

Address all future communications to: 

Stephen E. Reiter 

GRAY CARY WARE & FREID ENRICH llp 
4365 Executive Drive, Suite 1600 
San Diego, California 92121-2189 
Telephone: 858-677-1409 
Facsimile: 858-677-1465 



7. _X_ 

8. 

9. _JL_ 

10. _X_ 

11. _X_ 
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The undersigned states that the enclosed application papers comprise a copy of the prior 
application as filed. 



Respectfully submitted, 





Stephen E. Reiter 
Attorney for Applicant 
Registration No . 3 1 , 1 92 
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PRELIMINARY AMENDMENT 



Sir: 



This Preliminary Amendment is being filed prior to examination of the above-identified 
application. This Amendment accompanies a request under 37 C.F.R. § 1.53(b) to file a 
divisional application based on Application No. 08/349,956, filed December 6, 1994, now 
pending. 
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Please amend the subject application as follows: 
In the Specification 

On page 1, under the heading "Related Applications", please delete lines 3-4 and insert 
therefore: 

—This application is a divisional application of Application No. 
08/349,956, filed December 6, 1994, now pending; which is a divisional 
application of Application No. 07/898,185, filed June 12, 1992, now 
issued as U.S. Patent No. 5,371,188, which is a continuation application 
of Application No. 07/321,384, filed March 14, 1989, now abandoned, 
which is a continuation -in-part application of Application No. 
07/170,295, filed March 18, 1988, now abandoned, the entire contents 
of each of which are hereby incorporated by reference herein.-- 

In the Claims 

Please amend claims 5-9, as follows. For the convenience of the Examiner, claims not 
amended herein are presented labeled "Reiterated". 

5. (Amended) A substantially pure double-stranded DNA wherein the sense strand 
encodes the primary amino acid sequence of a neuronal nicotinic acetylcholine receptor 
polypeptide selected from the group consisting of alpha2, alpha4, [alpha5,] beta2, and beta3 
[and beta4]. 
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6. (Amended) A substantially pure double-stranded DNA of claim 5 wherein said 
alpha subunit(s) are encoded by DNA sequences selected from the group consisting of pHYP16, 
ATCC No. 67646, which encodes alpha2; pPCA48, ATCC No. 67642, which encodes alpha3; 
pHYA23-l(E)l, ATCC No. 67644, which encodes alpha4.1; and pHIP3C(E)3, ATCC No. 7645, 
which encodes alpha4.2; [and PC1321, ATCC No. (67652), which encodes alpha5;] and said 
beta subunit(s) are encoded by DNA sequences selected from the group consisting of pPCX49, 
ATCC No. 67643, which encodes beta2; and ESD76, ATCC No. 67653, which encodes beta 3[, 
and pZPC13, ATCC No. 67893, which encodes beta4]. 

7. (Amended) Substantially pure DNA sequences selected from the group 
consisting of DNA sequences shown in Figures 2A(1), 2(A(2), 2A(3) (for alpha4.1); Figures 
2B(1), 2B(2), 2B(3) (for alpha4.2); Figures 7B(1), 7B(2), 7B(3) (for beta2); Figures 15C(1), 
15C(2), 15C(3) (for alpha2); and Figure 19 (for Beta3)[; Figure 24 (for beta4); and Figure 25 
(for alpha5)]. 

8. (Amended) Substantially pure DNA sequences that are functionally equivalent to 
any of the substantially pure DNA sequences selected from the group consisting of: pHYP16, 
ATCC No. 67646, which encodes alpha2; pHYA23-l, ATCC No. 67644, which encodes 
alpha4.1; pHIP3C(E)3, ATCC No. 67645, which encodes alpha4.2; [PC1321, ATCC No. 67652, 
which encodes alpha5;] pPCX49, ATCC No. 67643, which encodes beta2; ESD76, ATCC 

No. 67653, which encodes beta3[, and pZPC13, ATCC No. 67893, which encodes beta4]. 

9. (Amended) Substantially pure DNA sequences that are functionally equivalent to 
any of the substantially pure DNA sequences shown in Figures 2A(1), 2(A(2), 2A(3) (for 
alpha4.1); Figures 2B(1), 2B(2), 2B(3) (for alpha4.2); Figures 7B(1), 7B(2), 7B(3) (for beta2); 
Figures 15C(1), 15C(2), 15C(3) (for alpha2); and Figure 19 (for Beta3)[; Figure 24 (for beta4); 
and Figure 25 (for alpha5)] . 
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1 1 . (Reiterated) DNA sequences having substantial sequence homology with the 
DNAofClaim5. 



12. (Reiterated) mRNA sequences transcribed from the substantially pure DNA of 
Claim 5. 

14. (Reiterated) Cells transformed by the substantially pure DNA of Claim 5. 
Please add the following new claims: 

15. (New) Isolated nucleic acid that hybridizes under stringent conditions to nucleic 
acid sequences encoding polypeptides selected from the polypeptide sequences set forth in 
Figures 15C(l-3) (for alpha 2); Figures 2A(l-3) (for alpha4.1); Figures 2B(l-3) (for alpha4.2); 
Figures 7B(l-2) (for beta2); and Figure 19 (for beta3). 

16. (New) A RNA complementary to the nucleic acid of claim 7. 

17. (New) A vector containing the nucleic acid of claim 5. 

REMARKS 

By the present communication, the specification has been amended to update the status of 
related applications. No new matter is introduced by this Amendment to the specification 
provided herewith as this Amendment merely identifies related applications to which priority is 
claimed. 
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In addition, by the present communication, claims 5-9 have been amended and new 
claims 15-17 have been added to define Applicants' invention with greater particularity. No new 
matter is added by the amendments to the claims or the new claims submitted herewith, as the 
amended claims and new claims are fully supported by the specification and original claims. 

In view of the amendments and remarks herein, Applicants respectfully request prompt 
consideration of the application on the merits. 



Respectfully submitted, 



Date: May 26. 2000 




Stephen E/^Reiter 
Reg. No. 31,192 
Telephone: (858) 677-1409 
Facsimile: (858) 677-1465 



GRAY CARY WARE & FREIDENRICH llp 
4365 Executive Drive, Suite 1600 
San Diego, California 92121-2189 
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NEURONAL NICOTINIC ACETYLCHOLINE RECEPTOR COMPOSITIONS 

RELATED APPLICATION 
This application is a continuation-in-part of 
5 U.S. S.N. 170,295, filed March 18, 1988. 

ACKNOWLEDGMENT 
This invention was made with government 
support under several grants from the National 
Institutes of Health and the United States Army. 
Q FIELD OF THE INVENTION 

The present invention relates generally to 
neuronal nicotinic acetylcholine receptor genes and 
proteins. More particularly, the invention relates to 
a family of novel mammalian neuronal nicotinic 
^ acetylcholine receptor genes and proteins. The 
receptor proteins are comprised of agonist binding 
subunits and non-agonist binding subunits. Agonist 
binding subunits of the invention include the neuronal 
agonist subunits referred to herein as alpha2 , alpha3, 
^ alpha4, and alphas; non-agonist binding subunits 

include beta2, beta3 and beta4 . The invention further 
relates to novel DNA sequences that encode these 
receptor protein subunits. 

BACKGROUND OF THE INVENTION 
Most theories on how the nervous system 
functions depend heavily on the existence and 
properties of cell to cell contact known as synapses. 
For this reason, the study of synapses has been a 
focal point for neuroscience research for many 
decades . 



Because of its accessibility to biochemical 
and electrophysiological techniques, and because of 
its elegant, well defined structure, the neuromuscular 
synapse (also known as the neuromuscular junction) , 
5 which occurs at the point of nerve to muscle contact, 
is one of the most studied and best understood 
synapses. At the neuromuscular junction, the nerve 
cell releases a chemical neurotransmitter, 
acetlycholine, which binds to nicotinic acetylcholine 

10 receptor proteins located on post-synaptic muscle 
cells. The binding of acetylcholine results in a 
conformational change in the nicotinic acetylcholine 
receptor protein. This change is manifested by the 
opening of a transmembrane channel in the receptor 

15 which is permeable to cations. The resulting influx 

of cations depolarizes the muscle and ultimately leads 
to muscle contraction. 

Biological and structural studies have shown 
that the nicotinic acetylcholine receptor in muscle is 

20 a glycoprotein composed of five subunits with the 
stoichiometry aafiXS (alpha-alpha-beta-gamma-delta) . 
From these same studies, it is known that each of the 
subunits has a mass of about 50-60 kilodaltons and is 
encoded by a separate gene. In vitro reconstitution 

25 experiments have shown that this aafiXS complex is a 
functional receptor containing both ligand binding 
sites and a ligand-gated transmembrane channel. (For 
a review, see Karlin, et al., 1986 and McCarthy, et al., 
1986. ) 

30 It is now known that a variety of 

neurotransmitters and neurotransmitter receptors exist 
in the central and peripheral nervous systems. 
Despite this knowledge, there is still little 
understanding of the diversity of receptors for a 



r 



particular neurotransmitter, or of how this diversity 
might generate different responses to a given 
neurotransmitter, or to other modulating ligands, in 
different regions of the brain. On a larger scale, 
5 there is little appreciation of how the use of a 

particular synapse makes it more or less efficient, or 
how long-term changes in neuronal circuits might be 
accomplished by the modification of synapses. 

An understanding of the molecular mechanisms 

10 involved in neurotransmission in the central nervous 
system is limited by the complexity of the system. 
The cells are small, have extensive processes, and 
often have thousands of synapses deriving from inputs 
from many different parts of the brain. In addition, 

15 the actual number of neurotransmitter receptors is 

low, making their purification difficult, even under 
the best of circumstances. Consequently, neither 
cellular nor biochemical approaches to studying 
neurotransmission in the central nervous system has 

20 been particularly fruitful. This is unfortunate 
because it is quite probable that the treatment of 
dementia, Alzheimer's disease and other forms of 
mental illness will involve modification of synaptic 
transmission with specific drugs. 

25 Nicotinic acetylcholine receptors found at 

the vertebrate neuromuscular junction, in vertebrate 
sympathetic ganglia and in the vertebrate central 
nervous system can be distinguished pharmacologically 
on the basis of ligands that open or block the ion 

30 channel. For example, the elapid a-neurotoxins that 
block activation of nicotinic acetlycholine receptors 
at the neuromuscular junction do not block activation 
of neuronal nicotinic acetylcholine receptors found on 
several different cell lines. 



To gain access to the neuronal acetylcholine 
receptors, traditional biochemical and 
neurophysiological methods have been abandoned in 
favor of the newer methods of molecular biology. More 
5 specifically, using molecular cloning techniques, our 
group first isolated complementary DNA clones encoding 
the acetylcholine receptor expressed in the Torpedo 
fish electric organ, a highly enriched source of 
receptor {see Ballivet, eta!.. 1983 and Patrick, et al., 

10 198 3) were isolated. The cDNA clones isolated from 

the fish electric organ were then used in nucleic acid 
hybridization experiments to obtain cDNA and genomic 
clones for the subunits of the acetylcholine receptor 
expressed in mouse skeletal muscle. 

15 The availability of cDNA clones encoding the 

muscle nicotinic receptor made it possible to extend 
these studies in the important direction of neuronal 
receptors. More specifically, based on the assumption 
that the neuronal nicotinic receptors are 

20 evolutionarily related to the muscle receptors, and 
that this relationship will be reflected at the 
genetic level by nucleotide sequence homology, the 
cDNA clones encoding the muscle nicotinic receptor 
were used to screen rat and mouse cDNA and genomic 

25 libraries for related neuronal mRNAs or genes. This 
method has resulted in the isolation of several 
neuronal cDNA clones that have significant sequence 
homology with the muscle acetylcholine clones. 
Clones, which encode the neuronal nicotinic 

30 acetylcholine receptor subunit proteins referred to as 
alpha2, alpha3, alpha4 , alphas, and beta2, beta3 and 
beta4 , are disclosed in the present specification. 



These neuronal clones encode a family of 
acetylcholine receptors having unique pharmacological 
properties. In this regard, the realization that the 
nicotinic acetylcholine receptors are much more 
5 diverse than previously expected offers an opportunity 
for a level of pharmaceutical intervention and a 
chance to design new drugs that affect specific 
receptor subunits. Such subtypes make it possible to 
observe the effect of a drug substance on a particular 
10 subtype. Information derived from these observations 
will allow the development of new drugs that are more 
specific, and therefore have fewer unwanted side 
effects . 

In addition, the availability of these 
15 neuronal receptors makes it possible to perform 

initial in vitro screening of the drug substance. While 
it is true that the drug eventually has to work in the 
whole animal, it is probable that useful drugs are 
being missed because conventional screening is limited 
20 to average composite effects. Consequently, the 

ability to screen drug substances in vitro on a specific 
receptor subtype (s) is likely to be more informative 
than merely screening the drug substance in whole 
animals . 

25 Both the receptor subunit genes and proteins 

of the present invention can be used for drug design 
and screening. For example, the cDNA clones encoding 
the alpha2 through alpha5 and beta2 through beta4 
receptor subunits can be transcribed in vitro to produce 

30 mRNA. This mRNA, either from a single subunit clone 
or from a combination of clones, can then be injected 
into oocytes where the mRNA will direct the synthesis 
of the receptor molecule(s). Alternatively, the 
clones may be placed downstream from appropriate gene 



regulatory elements and inserted into the genome of 
eukaryotic cells. This will result in transformed 
cell lines expressing a specific receptor subtype, or 
specific combinations of subtypes. The derived cell 
5 lines can then be produced in quantity for 

reproducible quantitative analysis of the effects of 
drugs on receptor function. 

PUBLICATIONS 
Some of the information disclosed in this 
10 specification has been published: 

The study disclosed in Experimental Section I 
was published March 27, 1987 as: Goldman, D. , 
Deneris, E . , Luyten, W., Kochhar, A., Patrick, J., and 
Heinemann, S. (1987). Members of a Nicotinic 
15 Acetylcholine Receptor Gene Family Are Expressed in 
Different Regions of the Mammalian Central Nervous 
System. Cell 48, 965-973. 

The study disclosed in Experimental Section 

II was published March 18, 1988 as: Deneris, E.S., 
20 Connolly, J., Boulter, J., Wada, E. , Wada, K. , 

Swanson, L. , Patrick, J., and Heinemann, S. (1988). 
Primary Structure and Expression of Beta 2: A Novel 
Subunit of Neuronal Nicotinic Acetylcholine Receptors. 
Neuron, 1, 4 5-54. 
25 The study disclosed in Experimental Section 

III was published in November, 1987 as: Boulter, J., 
Connolly, J., Deneris, E., Goldman, D. , Heinemann, S., 
and Patrick, J. (1987). Functional Expression of Two 
Neuronal Nicotinic Acetylcholine Receptors from cDNA 

30 Clones Identifies a Gene Family. Proc. Natl. Acad. Sci.. USA 
84, 7763-7767 . 



The study disclosed in Experimental Section 
IV was published as: Wada, K. , Ballivet, M. , Boulter, 
J., Connolly, J., Wada, E. , Deneris, E.S., Swanson, 
L.W. , Heinemann, S., and Patrick, J. (1988). 
5 Isolation and Functional Expression of a Gene and cDNA 
Encoding the Alpha2 Subunit of a Rat Neuronal 
Nicotinic Acetylcholine Receptor. Science, 330-334. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The following is a brief description of the 
10 drawings. More detailed descriptions are found in the 
Experimental Sections of this specification. 

The drawings comprise 29 Figures, of which: 

Experimental Section I 
Figure 1 is a schematic drawing that 
15 illustrates the relationship of neuronal nicotinic 
acetylcholine receptor alpha subunit cDNA clones 4.1 
and 4.2 to each other. 

Figure 2 (which includes parts 2A(1) , 2A(2) , 
2A(3) and 2B(1), 2B(2), 2B(3)) comprises schematic 
20 drawings that show the nucleotide and predicted 

primary protein sequence of cDNA clones for neuronal 
nicotinic acetylcholine receptor alpha subunits 4.1 
and 4.2. 

Figure 3 (which includes parts 3(1), 3(2), 
25 3(3)) comprises a schematic drawing that shows the 
alignment of deduced amino acid sequences for 
acetylcholine receptor alpha subunits from the mouse 
muscle cell line, BC3H-1 (alphal, clone BMA407) 
(Boulter, et al., 1985), the rat neuronal cell line, PC12 
30 (alpha3, clone PCA48) (Boulter, et al., 1986) and the rat 
brain (alpha4, clone 4.2). 



Figure 4 (A & B) is composed of two 
photographs of sectioned brain tissue that was used to 
map brain areas expressing RNA homologous to clones 
alpha 4 . 1 and alpha 4.2. 
5 Figure 5 (A & B) is composed of two 

photographs of sectioned brain tissue used to compare 
alpha3 and alpha4 gene expression in rat brains by/n 
situ hybridization. 

Figure 6 (A & B) is composed of a drawing and 
10 a photograph, respectively, that illustrate the 

effects of a SI nuclease protection experiment on cDNA 
from alpha clone 4.1. 

Experimental Section II 
Figure 7 (which includes parts 7A, 7B(1) , 
15 7B(2), and 7B(3)) is composed of two sets of drawings: 
(A) shows the relationship and lengths of the beta2 
clones; (B) shows the nucleotide sequence of the beta2 
cDNAs and the deduced amino acid sequence. 

Figure 8 is a schematic drawing that shows 
20 the amino acid alignment of the beta2 subunit with the 
mouse muscle and rat neuronal alpha subunits. 

Figure 9 (A & B) is composed of two 
photographs that show Northern blot analysis (A) of 
poly (A) + RNA isolated from PC12 cells and (B) Poly (A) + 
25 RNA isolated from an area of the thalamus that 

includes the medial habenular nucleus (lane 1) and 
from the spinal cord (lane 2) . 

Figure 10 (A & B) is composed of two 
photographs of brain tissue sections that illustrate 
30 in situ hybridization analyses using beta2 sense and 
antisense RNA strands. 



Experimental Section III 
Figure 11 is a schematic drawing that shows a 
comparison of amino acid sequences of the mouse muscle 
(alphal) and two neuronal (alpha3 and alpha4) 
5 nicotinic acetylcholine receptor alpha subunits. 

Figure 12 is a schematic drawing showing 
restriction maps of the expressible cDNA clones 
encoding neuronal alpha subunits derived from the 
alpha3 gene (PCA48(E)3) and the alpha4 gene 
10 (HYA23-1(E) 1) and the clone PCX49 derived from the 
beta2 gene. 

Figure 13 (A, BSC) is composed of three 
drawings that show voltage traces obtained from 5 
different Xenopus oocytes injected with RNA derived 
15 from the neuronal alpha and beta genes. 

Figure 14 (A, B, C & D) is composed of four 
drawings that show voltage tracings which illustrate 
the effect of two different neurotoxins on the 
activation by acetylcholine of two neuronal nicotinic 
20 acetylcholine receptor subtypes. 

Experimental Section IV 
Figure 15 (which includes parts A, B, C(l) , 
C(2) and C(3)) is composed of three schematic 
drawings: (A) and (B) respectively show the 
25 restriction enzyme maps of rat genomic DNA and cDNA 
encoding the alpha2 protein; (C) (which is divided 
into three parts, (1), (2) and (3)) shows the 
nucleotide sequences of the alpha2 genomic DNA with 
the deduced amino acid sequence. 
30 Figure 16 is a schematic drawing which shows 

alignment of the amino acid sequences of mouse muscle 
alpha subunit (alphal) and rat neuronal alpha subunits 
(alpha2, alpha3 and alpha4) . 



Figure 17 (A & B) is composed of two 
photographs that show a comparison of the distribution 
of alpha2 , alpha3 and alpha4 transcripts by in situ 
hybridization histochemistry. 
5 Experimental Section V 

Figure 18 (A & B) is composed of two 
schematic drawings that relate to the beta3 cDNA 
clones. (A) shows the relationship and partial 
restriction endonuclease map of cDNA clones 7 ESD-7, 7 
10 HYP630, 7 HYP504, and 7 51. (B) illustrates the 

expression construct, pESD76, in plasmid vector pSP64. 

Figure 19 is a schematic drawing that shows 
the nucleotide sequence and deduced primary structure 
of the beta3 protein. 
15 Figure 20 is a schematic drawing that shows 

alignment of the amino acid sequences of the beta3 
subunit with neuronal nAChR subunits rat beta2 , 
alpha2, alpha3 and alpha4-l subunits. 

Figure 21 is a photograph that shows 
20 localization of beta3 transcripts in the rat forebrain 
and midbrain by in situ hybridization histochemistry. 

Figure 22 is a darkfield photomicrograph of 
the habenular nuclei from rat brain. 

Experimental Section VI 
25 Figure 23 is a schematic drawing that shows a 

partial restriction endonuclease map and orientation 
of transcription units for rat genomic clones encoding 
members of the nicotinic acetylcholine receptor- 
related gene family. 
30 Figure 24 is a schematic drawing that shows 

the nucleotide sequence and deduced primary structure 
of the beta4 gene. 



Figure 2 5 is a schematic drawing that shows 
the nucleotide sequence and deduced primary structure 
of the alphas gene. 

Figure 26 is a schematic drawing that shows a 
5 comparison of the aligned amino acid sequences for the 
beta2, beta3 and beta4 genes. 

Figure 27 is a schematic drawing that shows a 
comparison of the aligned amino acid sequences for the 
alpha2, alpha3, alpha4 and alpha5 genes. Sequences 
10 were aligned as in Figure 26. 

Figure 28 is a photograph that shows 
autoradiograms of Northern blot hybridization analysis 
of PC12 poly (A + ) RNA using radiolabeled probes 
prepared from all identified members of the rat 
15 nicotinic acetyl choline receptor-related gene family. 

Figure 29 is a photograph showing in situ 
hybridization autoradiograms that illustrate the 
distribution of alphas and beta4 transcripts in 
coronal sections of the rat brain. 
20 DEFINITIONS 

In the present specification and claims, 
reference will be made to phrases and terms of art 
which are expressly defined for use herein as follows: 
As used herein, nAChRs means neuronal 
25 nicotinic acetylcholine receptor. 

As used herein, AChR means nicotinic 
acetylcholine receptor. 

As used herein, an agonist binding subunit is 
a subunit of the acetylcholine receptor that contains 
30 a binding site for the neurotransmitter, acetylcholine 
and its analogs. According to the nomenclature used 
herein, a putative neuronal nAChR subunit identified 
by cDNA cloning is given the name "alpha" if the 
Torpedo alpha subunit cysteines 12 8, 14 2, 19 2, and 19 3 
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are conserved. Agonist binding subunits of the 
present invention include: alpha2, alphas, alpha4 
(alpha4.1 and alpha4.2) and alpha5. 

As used herein, a non-agonist binding subunit 
5 is a subunit of the acetylcholine receptor that does 
not bind agonists such as acetylcholine, nicotine, and 
analogs thereof, and also does not bind competitive 
antagonists. According to the nomenclature used 
herein, a putative neuronal nAChR subunit identified 
10 by cDNA cloning is given the name "beta" if only the 
Torpedo 128 and 142 cysteines are conserved. Non- 
agonist binding subunits include beta2, beta3 and 
beta4 . 

As used herein, the term antagonist refers to 

15 a substance that interferes with receptor function. 
Antagonists are of two types: competitive and non- 
competitive. A competitive antagonist (or competitive 
blocker) competes with the neurotransmitter for the 
same binding site. In the case of acetylcholine, an 

20 example of such an antagonist is 3.1 bungarotoxin. A 
non- competitive antagonist or blocker inactivates the 
functioning of the receptor by binding to a site other 
than the acetylcholine binding site. 

As used herein, alphal refers to a gene which 

25 encodes an agonist binding subunit of the same name. 
This gene is expressed in skeletal muscle. (See Noda, 
el al., 1983 ; Merlie, et al., 1984; Boulter, et al., 1985; and 
Goldman, et al.. 1985.) 

As used herein, alpha2 refers to a gene, 

30 which has been identified in chick and rat, that 

encodes a neuronal agonist binding subunit of the same 
name. (See Experimental Section IV of the 
specification; also see Mauron, et al., 1985.) DNA coding 
for the alpha2 subunit has been deposited with the 



ATCC; the DNA (designated as pHYP16) has been accorded 
ATCC No. 6764 6. 

As used herein, alpha3 refers to a gene that 
encodes a neuronal agonist binding subunit of the same 
5 name. This subunit is expressed in the PC12 cell line 
and various regions of the rat brain. (See Boulter, et 
aL, 1986 and Goldman, et al., 1986.) DNA coding for the 
alpha3 subunit has been deposited with the ATCC; the 
DNA (designated as pPCA48) has been accorded ATCC No. 
10 67642. 

As used herein, alpha4 refers to a gene that 
encodes a neuronal agonist binding subunit of the same 
name. The cDNA clones encoding the proteins referred 
to herein as alpha4.1 and 4.2 are both derived from 

15 the alpha4 gene. DNAs coding for the alpha4 . 1 and 4.2 
trancripts have been deposited with the ATCC. The 
alpha4.1 DNA (designated as pHYA23-l (E) 1) has been 
accorded ATCC No. 67644; the alpha4 . 2 DNA (designated 
as pHIP3C(3) has been accorded ATCC No. 67645. [Clone 

20 pHIP3C(3) is a longer version of clone pHYAll, which 

is referred to in other parts of this specification as 
a clone for alpha4 . 2 . Therefore, the DNA sequence of 
pHYAll is encompassed within clone pHIP3c(3).] 

As used herein, alphas refers to a gene 

25 encoding a neuronal agonist binding subunit of the 

same name. DNA coding for the alphas subunit has been 
deposited with the ATCC; the DNA (designated as 
PC1321) has been accorded ATCC No. 67 652. 

As used herein, betal refers to a gene 

30 encoding a non-agonist binding subunit of the same 
name. This subunit is expressed in the Torpedo 
electric organ and mammalian muscle receptors. 
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As used herein, beta2 refers to a gene 
encoding a neuronal nicotinic acetylcholine non- 
agonist binding subunit of the same name. DNA coding 
for the beta2 subunit has been deposited with the 
5 ATCC; the DNA (designated as pPCX49) has been accorded 
ATCC No. 6764 3. 

As used herein, beta3 refers to a gene 
encoding a neuronal nicotinic acetylcholine non- 
agonist binding subunit of the same name. DNA coding 
10 for the beta3 subunit has been deposited with the 

ATCC; the DNA (designated as ESD7 6) has been accorded 
ATCC No. 67653) . 

As used herein, beta4 refers to a gene 
encoding a neuronal nicotinic acetylcholine non- 
15 agonist binding subunit of the same name. DNA coding 
for the beta4 subunit has been deposited with the 
ATCC; the DNA (designated as pZPC13) has been accorded 
ATCC No. 67893) . 

As used herein, MBTA means 4-(N- 
20 maleimido)benzyltrimethylammonium iodide (MBTA) 
As used herein, PC12 refers to the rat 
adrenal chromaffin tumor cell line, PC12 . This cell 
line expresses a "ganglionic" nicotinic acetylcholine 
receptor of the type found in sympathetic neurons 
25 (Patrick and Stallcup, 1977b) . 

As used herein, CAT means chloramphenicol 
acetyltransf erase . 

As used herein, COS means monkey kidney cells 
which express T antigen (Tag) . See Gluzman, Cell , 
30 23:175 (1981). 
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Use of the phrase "substantial sequence 
homology" in the present specification and claims 
means that DNA, RNA or amino acid sequences which have 
slight and non-consequential sequence variations from 
5 the actual sequences disclosed and claimed herein are 
considered to be equivalent to the sequences of the 
present invention, and as such are within the scope of 
the appended claims. In this regard, "slight and 
non-consequential sequence variations" mean that 

10 "homologous" sequences (i.e., the sequences that have 
substantial sequence homology with the DNA, RNA, or 
proteins disclosed and claimed herein) will be 
functionally equivalent to the sequences disclosed and 
claimed in the present invention. Functionally 

15 equivalent sequences will function in substantially 
the same manner to produce substantially the same 
compositions as the nucleic acid and amino acid 
compositions disclosed and claimed herein. 

Use of the phrase "substantially pure" in the 

20 present specification and claims as a modifier of DNA, 
RNA, polypeptides or proteins means that the DNA, RNA, 
polypeptides or proteins so designated have been 
separated from their in vivo cellular environments 
through the efforts of human beings; as a result of 

25 this separation, the substantially pure DNAs, RNAs, 
polypeptides and proteins are useful in ways that the 
non-separated, impure DNAs, RNAs, polypeptides or 
proteins are not. 

The amino acids which comprise the various 

30 amino acid sequences appearing herein may be 

identified according to the following three-letter or 
one-letter abbreviations: 
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3 Letter 1 Letter 

Amino Acid Abbreviation Abbreviation 

L-Alanine Ala A 

L-Arginine Arg R 

5 L-Asparagine Asn N 

L-Aspartic Acid Asp D 

L-Cysteine Cys c 

L-Glutamine Gin Q 

L-Glutamic Acid Glu E 

10 L-Histidine His H 

L-Isoleucine lie I 

L-Leucine Leu L 

L- Lysine Lys K 

L-Methionine Met M 

15 L-Phenylalanine Phe F 

L-Proline Pro P 

1-Serine Seri S 

L-Threonine Thr T 

L-Tryptophan Trp W 

20 L-Tyrosine Tyr Y 

L- Valine Val V 



The nucleotides which comprise the various 
nucleotide sequences appearing herein have their usual 
single-letter designations (A, G, T, C or U) used 
routinely in the art. 

In present specification and claims, 
references to Greek letters are written as both as 
alpha, beta, etc., and as a, j8, etc. 

DEPOSITS 

cDNA clones comprising neuronal nicotinic 
acetylcholine receptor genes alpha2 (clone pHYP16) , 
alpha3 (clone pPCA48) , alpha4 . 1 (clone pHYA2 3— 1 (E) 1) , 
alpha4.2 (clone pHIP3C(E)3), alpha5 (clone PC1321) , 
beta2 (clone pPCX49) , beta3 (clone ESD76) and beta4 
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(clone pZPC13), all of which are in E. coli HB101, have 
been deposited at the American Type Culture 
Collection, Rockville, Maryland, U.S.A. (ATCC) under 
the terms of the Budapest Treaty on the International 
5 Recognition of Deposits of Microorganisms for Purposes 
of Patent Procedure and the Regulations promulgated 
under this Treaty. Samples of the cloned genes are 
and will be available to industrial property offices 
and other persons legally entitled to receive them 

10 under the terms of said Treaty and Regulations and 
otherwise in compliance with the patent laws and 
regulations of the United States of America and all 
other nations or international organizations in which 
this application, or an application claiming priority 

15 of this application, is filed or in which any patent 
granted on any such application is granted. 

The ATCC Deposit Numbers for the eight 
deposits are as follows: 



20 


alpha2 


clone 


pHYP16 


ATCC 


No. 


67646 




alpha3 


clone 


pPCA48 


ATCC 


No. 


67642 




alpha4 . 1 


clone 


pHYA23-l(E) 1 


ATCC 


No. 


67644 




alpha4 . 2 


clone 


pHIP3C(3) 


ATCC 


No. 


67645 




alphas 


clone 


PC1321 


ATCC 


No. 


67652 


25 


beta2 


clone 


pPCX4 9 


ATCC 


No. 


67643 


beta3 


clone 


EDS76 


ATCC 


No. 


67653 




beta4 


clone 


pZPC13 


ATCC 


No. 


67893 



SUMMARY OF THE INVENTION 
The invention discloses a new family of 
neuronal nicotinic acetylcholine receptors and genes 
that encode these receptors. More specifically, in 
one aspect, the present invention comprises 
substantially pure double-stranded DNA sequences 
wherein the sense strand of the sequence encodes the 
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amino acid sequence of a mammalian neuronal nicotinic 
acetylcholine receptor subunit selected from the group 
consisting of alpha2, alpha4 , alpha5, beta2, beta3 and 
beta4 . 

5 In another aspect, the invention comprises 

substantially pure single-stranded DNA sequences and 
mRNA transcribed therefrom wherein the sequences 
encode amino acid sequences of a mammalian neuronal 
nicotinic acetylcholine receptor subunit selected from 

10 the group consisting of alpha2 , alpha4 , alpha5, beta2, 
beta3 and beta4 . 

In another aspect, the invention comprises 
substantially pure DNA sequences encoding the neuronal 
nicotinic acetylcholine receptor subunits of the 

15 present invention. Clones representative of such 

sequences have been deposited with the American Type 
Culture Collection for patent purposes. The cDNA 
clones of the invention include representative clones: 
alpha2 clone pHYP16 (ATCC No. 67646) , alpha3 clone 

20 pPCA48 (ATCC No. 67642), alpha4 . 1 clone pHYA23-l(E)l 
(ATCC No. 67644), alpha4 . 2 clone pHIP3C(3) (ATCC No. 
67645), alpha5 clone PC1312 (ATCC No. 67652), beta2 
clone pPCX49 (ATCC No. 67643), beta3 clone ESD76 (ATCC 
No. 67653) and beta4 clone (ATCC No. 67893). DNA 

25 sequences from such clones can be used as probes to 
identify and isolate other neuronal nicotinic 
acetylcholine receptors from cDNA libraries. 

In still another aspect, the invention 
comprises a cell, preferably a mammalian cell, 

30 transformed with DNA sequences of the invention. 
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Still further, the invention comprises novel 
neuronal nicotinic acetylcholine receptors made by- 
expression of DNA sequences of the invention, or 
translation of the corresponding mRNAs. Such novel 
5 receptors include the individual alpha2, alpha4.1, 
alpha4.2, alpha5, beta2, beta3 and beta4 receptor 
subunits, plus functional subunit combinations 
including, but not limited to, alpha2 + beta2 
subunits, alpha3 + beta2 subunits, alpha4 + beta2 

10 subunits, alpha2 + beta4 subunits, alpha3 + beta4 
subunits, and alpha4 + beta4 subunits. 

Still further the invention comprises DNA, 
RNA and proteins that are functionally equivalent to 
the DNAs, RNAs and proteins of the present invention. 

15 Such functionally equivalent DNAs, RNAs and proteins 
will function in substantially the same manner as the 
DNAs, RNAs and proteins of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is the discovery and 

20 isolation of DNA segments that encode receptor 

subunits that, in combination, comprise a new family 
of nicotinic acetylcholine receptors that are 
expressed in the brain and nerve cells. To gain 
access to these new neuronal receptor gene encoding 

25 segments, molecular cloning techniques were used to 

first isolate complementary DNA clones coding for the 
acetylcholine receptor expressed in the Torpedo fish 
electric organ, {see Ballivet, et al., 1983 and Patrick, et 
aL, 1983) . The cDNA clones isolated from the electric 

30 organ were then used in nucleic acid hybridization 

experiments to obtain cDNA and genomic clones for the 
subunits (referred to as the alpha (a) , beta (£) , 
gamma (A) , and delta (6) subunits) of the 
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acetylcholine receptors expressed in mouse skeletal 
muscle. 

The availability of cDNA clones encoding the 
muscle nicotinic receptor made it possible to extend 
5 these studies in the medically important direction of 
neuronal receptors. Using a cDNA clone encoding a 
mouse muscle nicotinic acetylcholine receptor alpha 
subunit as a hybridization probe, rat and mouse cDNA 
and genomic libraries were screened for related mRNAs 

10 or genes. These DNA sequences were then used to 

further probe for related neuronal subunit sequences. 
This method resulted in the isolation of cDNA 
sequences that had significant sequence homology with 
the probes. Eight of these related sequences, which 

15 code for neuronal nicotinic acetylcholine receptor 

subunits referred to herein as alpha2, alpha3, alpha4 
(as represented by alpha4 . 1 and alpha4.2 sequences), 
alphas, beta2, beta3, and beta4 are disclosed and 
discussed in the present specification. 

20 As a result of work done at the Molecular 

Neurobiology Laboratory at the Salk Institute for 
Biological Studies and elsewhere, it is now believed 
that there is a family of genes related to the alpha 
agonist binding subunit of acetylcholine receptors 

25 found at the neuromuscular junction. The first three 
identified members of this agonist binding alpha gene 
family are: alphal, which is expressed in Torpedo 
electric organ and mammalian skeletal muscle (Noda, et 
al., 1983; Merlie, et al., 1984; Boulter, et al., 1985; 

30 Goldman, et al., 1985); alpha2, which was initially 

identified as a gene in chick (Mauron, et al., 1985) and 
suspected of being one in rat (Nef , et al., 1986) ; and 
alpha3, which is expressed in the PC12 cell line and 
various regions of the rat brain (Boulter, et al., 1986; 
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Goldman, et al., 1986) . As this specification discloses 
(see Experimental Section I), the alpha4 gene (encoding 
clones alpha4.1 and 4.2) represents the fourth member 
of this alpha subunit gene family, while alpha5 
5 represents the fifth. 

Also as a result of work done at the 
Molecular Neurobiolgy Laboratory at the Salk 
Institute, it is now believed that there is a family 
of genes related to the non-agonist binding beta 

10 subunit of the acetylcholine receptors found at the 
neuromuscular junction. The first identified member 
of this gene family was betal, which is a non-agonist 
binding subunit of the Torpedo electric organ and 
mammalian muscle receptors. In this specification, 

15 the existence of three more members of this non- 
agonist binding gene family are disclosed: these new 
members are beta2, beta3 and beta4 . 

The polypeptides encoded by the alpha2 , 
alpha3, alpha4 and alphas genes have features found in 

20 the non-neuronal alpha subunits of the Torpedo electric 
organ and mammalian muscle nicotinic acetylcholine 
receptors. (See Figures 15C (parts 1-3) and 2A (parts 
1-3).) One of these features, which was observed 
originally in the alphal subunit, is the presence of 

25 two adjacent cysteine residues in the presumed 
extracellular domain of the protein. These two 
cysteine residues, which have been shown to be close 
to the agonist-binding site (Kao, et al., 1984; Kao and 
Karlin, 1986) , are a feature common to the agonist- 

30 binding alphal subunits, but not the beta, gamma, and 
delta subunits of the electric organ and mammalian 
muscle receptors. 



r 

Turning now to the new neuronal subunits of 
the present invention, because of their structural and 
sequence homology, and the presence of the conserved 
cysteines, it is proposed that the alpha2, alpha3 , 
5 alpha4 and alphas genes encode agonist-binding 
subunits of neuronal receptors. On the contrary, 
because the new receptor subunits referred to as 
beta2, beta3 and beta4 lack these two binding domain 
cysteine residues, it is believed that beta2 , beta3 
10 and beta4 genes encode are non-agonist binding 
subunits. 

As the results in the following Experimental 
Sections demonstrate, the beta2 and beta4 polypeptides 
can functionally substitute for the muscle betal 

15 subunit in a nicotinic acetylcholine receptor. (See 

especially, Experimental Sections I I -VI.) As is also 
shown in the Experimental Sections, expression studies 
reveal that at least three different types of 
functional neuronal nicotinic acetylcholine receptors 
are produced upon co-injection into oocytes of beta2 

20 or beta4 mRNAs and each of the neuronal alpha2, alpha3 
and alpha4 mRNAs. (See Experimental Sections II-IV.) 
These results, together with the distribution of 
alpha2 , alpha3 , alpha4 , alphas and beta2 , beta3 and 
beta4 transcripts in the brain (see Experimental 

25 Sections) , are consistent with the premise that 

different neuronal nicotinic acetylcholine receptors 
are comprised of at least one beta subunit in 
combination with different agonist-binding alpha 
subunits. 
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The results disclosed in the following 
Experimental Sections also show that neuronal 
nicotinic acetylcholine receptors differ from 
mammalian muscle nicotinic receptors in that they can 
5 be constituted from only two different gene products 
(alpha and beta) . This is significant since, in all 
experiments reported to date, nicotinic acetylcholine 
receptors have been formed with ap\8 subunits, a&\ 
subunits, a/3S subunits, or aXS subunits, but not with 

10 any pairwise combinations (Kurosaki, et al„ 1987). In 

sharp contrast, the alpha2, alpha3 and alpha4 neuronal 
receptors can be constituted with only two different 
types of polypeptide chains, one derived from a 
specific alpha gene and one derived from a beta gene. 

15 Representative cDNA clones that encode the 

new neuronal nicotinic acetylcholine receptor subunits 
of the present invention have been deposited with the 
ATCC for patent purposes. These DNAs include alpha2 
clone pHYP16 (ATCC No. 67646), alpha3 clone pPCA48 

20 (ATCC No. 67642), alpha4.1 clone pHYA23-l(E)l (ATCC 

No. 67644), alpha4.2 clone pHIP3C(3) (ATCC No. 67645), 
alphas clone PC1321 (ATCC No. 67652), beta2 clone 
pPCX49 (ATCC No. 67643), beta3 clone ESD7 6 (ATCC No. 
67653) and beta4 clone (ATCC No. 67893). The DNA and 

25 amino acid sequences for alpha4 . 1 and alpha 4.2 are 
shown in Figure 2A (parts 1-3) and 2B (parts 1-3) , 
respectively; the sequences for beta2 are shown in 
Figure 7B (parts 1-3) ; the sequences for alpha2 are 
shown in Figure 15C (parts 1-3) ; the sequences for 

30 beta3 are shown in Figure 19; the sequences for beta4 
are shown in Figure 24; and the sequences for alpha5 
are shown in Figure 25. 
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The cDNAs that encode neuronal nicotinic 
acetylcholine receptors of the present invention can 
be used as probes to find other members of the 
neuronal nicotinic acetylcholine receptor gene family. 
5 When the cDNAs are used for this purpose, it is 

preferable to use as probes those sequences that are 
most highly conserved within this gene family, i.e., 
those that show the greatest homology. (The highly 
conserved sequences are thought to encode portions of 

10 the receptor subunits that comprise the transmembrane 
regions and therefore contribute to the transmembrane 
channel. Therefore one can assume that cognate genes 
will also contain sequences that are closely related 
to the transmembrane region.) 

15 Hybridization methods are well known to 

those skilled in the art of molecular biology. See 
for example, Nef , et al., (198 6) and Benton and Davis, 
1977) ; also see the hybridization procedures and 
conditions in the vaious experimental sections of this 

20 specification. 

Turning now to the specific experimental 
sections, details of the new alpha4 gene (and the 
alpha4 . 1 and 4 . 2 polypeptides encoded thereby) are 
disclosed in Experimental Section I. DNA analysis of 

25 the 4.1 and 4.2 cDNA clones reveals that they differ 
slightly in their nucleotide and amino acid sequences. 
A possible explanation for these differences is that 
the respective mRNAs arise from one gene by 
alternative splicing of a single primary transcript. 

30 Such a mechanism would provide another means for 
generating receptor diversity in the brain. 
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In Experimental Section I, as well as in 
Experimental Sections IV and VI, in situ hybridization 
is used to show that the pattern of alpha2, alpha3, 
alpha4 and alphas expression in the brain is 
5 different. It is reasonable to assume that the 

properties of a receptor are determined by the primary 
structure of the receptor protein. Thus, it is 
believed that the various neuronal alpha subunits have 
different functional properties in the different brain 
10 regions. 

In Experimental Section II, the primary 
structure of the beta2 subunit is disclosed. Although 
this polypeptide is homologous to the neuronal alpha 
subunits, it lacks the two adjacent cysteine residues, 

15 shown to be near the agonist-binding site. In this 
respect, the beta2 subunit is similar to the beta, 
gamma, and delta subunits of the electric organ and 
muscle receptors. 

. In Experimental Section II, additional 

20 evidence that the neuronal beta2 subunit can 

functionally substitute for the muscle beta subunit in 
a nicotinic receptor is provided. In addition, as is 
detailed, expression studies have shown that at least 
three types of functional neuronal nicotinic 

25 acetylcholine receptors are produced upon co-injection 
of beta2 mRNA and each of the neuronal alpha2 , alpha3 , 
and alpha4 mRNAs. (Similar results are found with 
beta4) These data, together with the distribution of 
beta2 and beta4 transcripts in the brain, are 

30 consistent with the premise that different neuronal 

nicotinic acetylcholine receptors are composed of beta 
subunits and different agonist-binding alpha subunits. 
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In Experimental Section III, additional 
details of the new neuronal nicotinic acetylcholine 
receptors are described. For example, it is shown 
that heterogeneous functional receptors constituted 
5 from at least one beta2 subunit and neuronal alpha3 or 
alpha4 subunits have pharmacological characteristics 
of ganglionic nicotinic acetylcholine receptors, i.e., 
they are blocked by the ganglionic nicotinic receptor 
blocker bungarotoxin 3.1, but not by the neuromuscular 

10 junction nicotinic receptor blocker, a-bungarotoxin. 
Of particular note is the fact that alpha2 in 
conjunction with beta2 produces a receptor that has 
pharmacological characteristics unlike the foregoing, 
namely, this receptor is not blocked by either 

15 bungarotoxin 3.1 or a-bungarotoxin. 

In Experimental Section IV, among other 
things, the results of in situ brain hybridization 
histochemical studies are disclosed which show that 
alpha2 mRNA is expressed in a small number of regions, 

20 in contrast to the wide distribution of the other 
known neuronal agonist-binding subunits {e.g., alpha3 
and alpha4) . These studies also show that alpha2 , 
alpha3 and alpha4 transcripts are co-expressed with 
beta2 transcripts in many brain regions. These 

25 results suggest that the functional combinations 

observed in oocytes may also occur in vivo. However, 
the studies also show that in some regions, beta2 and 
alpha2, alpha3 and alpha4 transcripts are not co- 
expressed. This observation raises the possibility of 

30 the existence of other alpha-type and beta-type 
subunits . 
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In Experimental Section V isolation and 
characterization of the beta3 clone is disclosed. 
This clone encodes a protein that has structural 
features found in other nicotinic acetylcholine 
5 receptor (nAchR) subunits. More specifically, two 

cysteine residues that correspond to cysteines 128 and 
142 of the Torpedo nAchR alpha subunit are present in 
beta3 . Absent from beta3 are two adjacent cysteine 
residues that correspond to cysteines 192 and 19 3 of 

10 the Torpedo alpha subunit. In situ hybridization 

histochemistry, performed using probes derived from 
beta3 cDNAs, demonstrated that the beta3 gene is 
expressed in the brain. Thus, beta3 is the fifth 
member of the nAchR gene family that is expressed in 

15 the brain. The pattern of beta3 gene expression 

partially overlaps with that of the neuronal nAchR 
subunit genes alpha3, alpha4 , or beta2 . These results 
lead to the conclusion that the beta3 gene encodes a 
neuronal nAchR subunit. 

20 in Experimental Section IV features of the 

beta4 clone are disclosed. This clone encodes a 
protein that also has structural features found in 
other nicotinic acetylcholine receptor (nAchR) 
subunits. More importantly, when mRNA from this clone 

25 was injected into oocytes in various pairwise 

combinations of alpha2 , alpha3 , alpha4 and alphas 
transcripts, it was found that beta 4 can also 
functionally substitute for the muscle beta unit just 
as the neuronal beta2 subunit can do. Thus, beta4 is 

30 the sixth member of the nAchR gene family. 



Without further elaboration, it is believed 
that one of ordinary skill in the art can, using the 
preceding description, and the following Experimental 
Sections, utilize the present invention to its fullest 
5 extent. The material disclosed in the experimental 

sections, unless otherwise indicated, is disclosed for 
illustrative purposes and therefore should not be 
construed as being limiting in any way of the appended 
claims . 

10 EXPERIMENTAL SECTION I 

MEMBERS OF A NICOTINIC ACETYLCHOLINE RECEPTOR GENE 
FAMILY ARE EXPRESSED IN DIFFERENT REGIONS OF THE 
MAMMALIAN CENTRAL NERVOUS SYSTEM 
INTRODUCTION 

15 Nicotinic acetylcholine receptors found in 

the peripheral and central nervous systems differ from 
those found at the neuromuscular junction. Our group 
isolated a cDNA clone encoding our alpha subunit of a 
neuronal acetylcholine receptor expressed in both the 

20 peripheral and central nervous systems (Boulter, et al.. 
1986) . In this experimental section, the isolation of 
a cDNA encoding the alpha subunit of a second 
acetylcholine receptor expressed in the central 
nervous system is reported. Thus, it is clear that 

25 there is a family of genes coding for proteins with 

sequence and structural homology to the alpha subunit 
of the muscle nicotinic acetylcholine receptor. 
Members of this gene family are expressed in different 
regions of the central nervous system and, presumably, 

30 code for subtypes of the nicotinic acetylcholine 
receptor. 
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A cDNA clone encoding a mouse muscle 
nicotinic acetylcholine receptor alpha subunit was 
used as a hybridization probe to identify putative 
neural nicotinic acetylcholine receptor encoding cDNA 
5 clones. One such clone was isolated from a cDNA 
library prepared using RNA isolated from the rat 
pheochromocytoma cell line, PC12. This clone encodes 
a protein with considerable sequence and structural 
homology to the alpha subunit of the acetylcholine 

10 receptor found at the neuromuscular junction (Boulter, 
et al., 1986) . Analysis of genomic restriction fragments 
that hybridize to this clone suggested that there is a 
family of related genes. The first three identified 
members of this gene family to be identified are: 

15 alphal, which is expressed in skeletal muscle (Noda, 
et al., 1983; Merlie, et al., 1984; Boulter, et al., 19 85; 
Goldman, et al., 1985); alpha2, which has been identified 
as a gene in chick and rat (Mauron, et al., 198 5) ; and 
alpha3 , which is expressed in the PC12 cell line and 

20 various regions of the rat brain (Boulter, et al., 1986; 
Goldman, et al., 1986) . The differential expression in 
the mammalian central nervous system of a fourth 
member of this alpha subunit gene family, alpha4 is 
disclosed here. 

25 RESULTS 

Genes Encoding Nicotinic Acetylcholine Receptor 
Alpha Subunits Are Expressed In The Mammalian CNS 

Our group has shown that radioactive probes 
prepared from cDNA clones encoding the mouse muscle 

30 and rat neuronal acetylcholine receptor alpha subunits 
hybridize to RNA species present in poly (A) + RNA 
purified from rat brain hypothalamus, hippocampus and 
cerebellum (Boulter, et al., 1986) . To determine the 
identity and functional significance of these 
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hybridizing RNA species, poly (A) + RNA from the rat 
hypothalamus and hippocampus was purified and cDNA 
libraries in AgtlO were prepared as previously 
described (Gubler and Hoffmann, 1983; Huynn, et al., 
5 1985) . These libraries were screened with probes 
derived from a cDNA encoding the mouse muscle 
acetylcholine receptor alpha subunit (alphal) 
(Boulter, et al., 1985) and a cDNA encoding the alpha3 
gene product (Boulter, et al., 198 6). Seven clones 

10 (three from the hippocampus library and four from the 
hypothalamic library) that contained inserts which 
hybridized to both probes were studied. These seven 
clones were determined to contain related inserts, on 
the basis of restriction enzyme analysis and partial 

15 sequence analysis, and were analyzed further. 

These clones fall into two classes. Clone 
4.1, typical of the first class, is 2052 nucleotides 
long, with an open reading frame of 187 5 base pairs. 
Clone 4.2 is representative of the second class and is 

20 1938 nucleotides long, with an open reading frame of 
1524 base pairs. Figure 1 illustrates the 
relationship of these two clones to each other. 

DNA sequence analysis of these two clones 
reveals that they differ in two respects. First, 

25 clone 4.2 starts at nucleotide 389 of clone 4.1 and 
secondly, clones 4.2 and 4.1 differ in their 3' ends 
starting with nucleotide 1871 of clone 4.1 (Figure 2A 
(parts 1-3) and 2B (parts 1-3) . The sequences between 
bases 389 and 1871 of clone 4.1 are identical to the 

30 bases from the 5' end to base 1482 of clone 4.2. A 

possible mechanism that accounts for the difference at 
their 3 1 end is that their respective mRNAs arise from 
one gene by alternative splicing of a single primary 
transcript. This is supported by the presence of the 



r 



trinucleotide CTG at the proposed splice site 
(position 1868-1870) . This trinucleotide is commonly 
found on the exon side of exon/intron borders. The 
dinucleotides CT (clone 4.1) or GT (clone 4.2) which 
are adjacent to this trinucleotide in the cDNA clones 
are often found on the exon side of intron/exon 
borders (Breathnach and Chambon, 1981) . It is 
proposed, therefore, that clones 4.1 and 4.2 are 
derived from a common gene, which is referred to as 
alpha4 . 

Based on the predicted alpha4 amino acid 
sequence (Figure 2A (parts 1-3) and 2B (parts 1-3)) 
and its alignment with alphal and alpha3 (Figure 3 
(parts 1-3)), it is not possible to unambiguously 
assign the N-terminus of the mature alpha4 . 1 protein. 
The Ala residue aligned with the Ser that is thought 
to form the N-terminus of the mature alphal sequence 
cannot be the N-terminal residue of alpha4 . 1 since it 
is preceded by an Arg. The signal peptidase requires 
(among other things) the presence of an uncharged 
amino acid with a small side-chain preceding the 
peptide bond which it cleaves. Based on the sequence 
patterns around signal sequence cleavage sites (von 
Heljne, 1983; Perlman and Halvorson, 1983) the site 
predicted to be the best substrate for the signal 
peptidase in the alpha4 . 1 leader sequence would be 
between Ser and His; another possible site is between 
Thr and Arg (Figure 3 (parts 1-3)). Although clone 
4.1 lacks an initiator methionine, it has a 
hydrophobic leader sequence characteristic of secreted 
or membrane-spanning proteins (Figure 3 (parts 1-3)). 
In contrast, clone 4.2 lacks coding sequences 
corresponding to the first 129 amino acids encoded by 
clone 4.1 (Figure 1). The nucleotide sequences in the 
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region where alpha4.1 and alpha4.2 overlap encode 
proteins that are identical (Figures 1, 2 A (parts 
1-3) and 2 B parts (1-3)). The protein encoded by 
clone 4.2 is longer by 1 amino acid at the C- terminus 
5 than the protein encoded by clone 4.1. Furthermore, 
the last 2 amino acids of 4.1 (Ala-Cys) are different 
in 4.2 (Gly-Met) , resulting in a total of 3 unique 
amino acids at the C-terminus of clone 4.2 (Figure 2 A 
(parts 1-3) and 2B (1-3)). 
10 Based on homology with the muscle (alphal) 

and the previously described neuronal (alpha3) alpha 
subunit protein (Figure 3 (parts 1-3)), it is proposed 
that the proteins encoded by clones 4 . 1 and 4 . 2 are 
also alpha subunits of a new class of nicotinic 
15 acetylcholine receptors. However, the best evidence 

that the alpha4 gene encodes a nicotinic acetylcholine 
receptor alpha subunit is derived from the 
conservation of structural domains present in the 
muscle alpha subunit. Specifically, these domains 
20 are: (1) four hydrophobic, putative trans-membrane 
domains; (2) an amphipathic helix just prior to the 
fourth hydrophobic domain; and (3) an extracellular 
domain which contains two features common to all alpha 
subunits sequenced to date: (a) four cysteine residues 
25 at positions 128, 142, 192 and 193, (the residue 

number corresponds to the numbering system adopted for 
the muscle alpha subunit (Boulter, et al., 1985)) of 
which the latter two are in the vicinity of the 
acetylcholine binding site on the muscle receptor 
30 (Kao, et al., 1984) (see arrows in Figure 3 (parts 1-3) ; 
and (b) a potential N-linked glycosylation site at 
position Asnl41. The protein encoded by clone 4.1 has 
a second potential glycosylation site at Asn2 4 (see 
asterisks in Figure 3 (parts 1-3) . This glycosylation 
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site is also found in the alpha3 gene product (Figure 
3 (parts 1-3) . Thus, both neural receptors contain a 
potential glycosylation site at Asn24 not seen in any 
of the muscle receptors sequenced to date. 

It is interesting that the proposed membrane 
spanning regions are markedly conserved. These 
domains exhibit amino acid homologies ranging from 
50-100% between alpha4 and either the alphal or alpha3 
gene products. In contrast, the region thought to be 
cytoplasmic (between membrane spanning regions III and 
IV) , exhibits little or no conservation with respect 
to alphal and alpha3 (Figure 3 (parts 1-3) . However, 
in this putative cytoplasmic region there is a 
potential phosphorylation site that is conserved 
between alpha3 and alpha4 : KSSS and RSSS (Figures 3 
(parts 1-3) ; a similar sequence is phosphorylated in 
the Torpedo nicotinic acetylcholine receptor (Safran, et 
al., 1986) . There is evidence that phosphorylation of 
the Torpedo acetylcholine receptor isolated from the 
electric organ increases the rate of desensitization 
(Huganir, et al., 19 86) . The neuronal alpha subunits, 
alpha3 and alpha4, have much longer putative 
cytoplasmic regions than the muscle receptor alpha 
subunit (alphal) . Overall, the proteins encoded by 
clones 4.1 and 4.2 (alpha4) exhibit 57% amino acid 
sequence identity with the protein encoded by the 
alpha3 gene and 50% identity with the muscle alpha 
subunit (alphal) . 

The proteins derived from the alpha4 gene 
and encoded by clones 4.1 and 4.2 are proposed to be 
alpha subunits of nicotinic acetylcholine receptors. 
This proposal is based on the conservation of the 
proposed structural domains in the muscle nicotinic 
acetylcholine receptor alpha subunit and on the high 
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degree of homology between the protein sequences 
encoded by clones 4.1 and 4.2 and the muscle receptor 
alpha subunit sequence. Based on this homology, 
clones 4.1 and 4.2 have been classified as two members 
5 of the fourth class of alpha subunit encoding genes 
(alpha4) . 

Expression of the Alpha4 Gene 
in the Central Nervous System 
An analysis of brain regions expressing RNA 
10 homologous to clone 4.1 was performed by in situ 

hybridization to rat brain sections using radiolabeled 
antisense RNA made from clone 4.1 (Figure 4 A) . The 
result of these experiments showed that clone 4 . 1 
antisense probe hybridizes to the neocortex, many 
15 thalamic nuclei, medial habenula, ventral tegmental 
area, substantia nigra pars compacta, lateral (dorsal 
part) and medial geniculate nuclei, and throughout the 
hypothalamus (Figure 4A) . A control probe, made from 
the sense strand of clone 4.1, exhibited little 
20 hybridization to these areas of the brain (Figure 4B) . 
This sense strand probe was used as a measure of 
nonspecific hybridization. No hybridization above 
background was observed to the hippocampus when using 
the antisense strand probe. However, since the 4.1 
25 cDNA was found in a cDNA library prepared using RNA 
derived from the hippocampus, the gene encoding this 
cDNA may also be expressed in this region of the rat 
brain, albeit at low levels. 

Alpha4 is the second gene of the alpha 
30 subunit gene family shown to be expressed in the 

central nervous system. Our group has shown that the 
alpha3 gene is expressed in the central nervous system 
(Boulter, et al., 1986; Goldman, et al., 1986). To 
determine whether alpha3 and alpha4 genes were 
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expressed in the same or different regions of the 
central nervous system a comparison of alpha3 and 
alpha4 gene expression in rat brain sections was 
accomplished by in situ hybridization of radiolabeled 
antisense RNA probes made from a cDNA clone coding for 
the alpha3 gene product and clone 4.1 (alpha4) (Figure 
5A) . This experiment shows that although both clones 
hybridize strongly to RNA in the medial habenula, the 
alpha4 gene is also expressed throughout the thalamus, 
hypothalamus and cortex, while little signal is 
detected in these same. areas when the probe for alpha3 
gene expression is used (Figure 5A) (Goldman, et al., 
1986) . These results demonstrate that the alpha3 and 
alpha4 genes are expressed in different locations in 
the brain and thus must represent different receptor 
systems, arguing against the possibility that they 
represent different subunits of the same receptor. 

To demonstrate that the RNA detected by the 
in situ hybridization experiments is in fact the product 
of the alpha4 gene, SI nuclease protection experiments 
were performed. The 3' 596 nucleotides of clone 4.1 
were subcloned into the single-strand phage, M13mpl8. 
This region of the cDNA was chosen since it contains 
the nucleotide sequence that exhibits the least 
homology with the muscle alphal gene and the neuronal 
alpha3 gene, but covers the extreme 3' end of the 4.1 
clone which differs in sequence from clone 4.2. The 
59 6 bases of this M13 subclone contain 4 06 bases that 
are common to clones 4 . 1 and 4.2, plus an additional 
190 bases that are unique to clone 4.1. The single- 
stranded M13 recombinant DNA containing the 3' 596 
bases of clone 4.1 was hybridized with poly (A) + RNA 
isolated from various brain regions. SI nuclease was 
added and those heteroduplexes surviving nuclease 
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digestion were size- fractionated on denaturing 
acrylamide gels. Nucleic acids were electroblotted to 
Gene Screen Plus and visualized by hybridization with 
radiolabeled 4.1 cDNA (Figure 6A) . If RNA exists 
5 corresponding to clone 4.1, one predicts the RNA will 
hybridize to the 59 6 bases subcloned into M13 and 
protect this DNA from digestion by SI nuclease. If 
RNA exists corresponding to clone 4.2, one predicts 
this RNA will hybridize to only 406 of the 596 bases 

10 subcloned into M13 and protect this portion of the 

subclone from SI nuclease digestion. Furthermore, if 
both RNAs are expressed, then both a 596 and a 4 06 
nucleotide long protected fragment are predicted. The 
results in Figure 6A show that there are not two but 

15 three species of RNA homologous to the 4.1 cDNA clone. 
The largest protected fragment (about 600 bases) 
corresponds to complete protection of the cDNA probe 
by the RNA. Thus, at least in the thalamus, 
hypothalamus and spinal cord, some of the 

20 hybridization observed in situ is a result of expression 
of the alpha4 gene encoding clone 4.1 sequences. 

Two hybridizing bands of about 390 and 400 
nucleotides were found in addition to the 600 
nucleotide long fragment corresponding to clone 4.1. 

25 These two protected fragments result from protection 

of the 4.1 cDNA subclone (596 nucleotides long) by two 
additional and different RNA molecules. The discovery 
of two partially protected fragments differing by a 
few nucleotides was surprising. One of these 

30 protected fragments results from the expression of RNA 
corresponding to clone 4.2 sequences (which are 
predicted to be 406 nucleotides long) . The other 
fragment may represent another RNA product of the 
alpha4 gene with yet a different 3' sequence. 
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Therefore, these results demonstrate that, in the 
hypothalamus, thalamus and spinal cord, the signal 
observed upon in silu hybridization to brain sections is 
a consequence of RNA transcripts corresponding to 
clones 4.1 and 4.2. Furthermore, these SI nuclease 
protection experiments show that RNA corresponding to 
clone 4.2 (the partially protected fragment) is 
expressed at higher levels than RNA corresponding to 
clone 4.1 (the fully protected fragment). 

These results demonstrate that in the 
central nervous system multiple nicotinic 
acetylcholine receptor alpha subunits are expressed. 
This diversity arises from expression of different 
gene products (alpha3 and alpha4) , and probably from 
alternative processing of a primary transcript derived 
from a single gene (alpha4; clones 4.1 and 4.2). 

DISCUSSION 
Neurotransmitter receptors localized at 
chemical synapses are responsible for transducing 
chemical signals from the pre-synaptic cell into an 
appropriate response by the post-synaptic cell. The 
nicotinic acetylcholine receptor found at the 
neuromuscular junction is the best studied 
neurotransmitter receptor; however, little is known 
about central nervous system nicotinic receptors. 
Experiments that map cholinergic systems within the 
brain (Armstrong, et al., 1983 ; Houser, et al.. 1983; 
Ichikawa and Hirata, 1986) and ligand binding studies 
(Clarke, et al., 1985) have identified many brain areas 
thought to contain these receptors. Furthermore, 
nicotinic receptors found in the central nervous 
system occur both pre- and post-synaptically 
(Lichtensteiger , et al., 1982 ; Sakurai, et al.. 1982). 



In this experimental section genetic 
evidence for acetylcholine receptor diversity in the 
mammalian central nervous system is provided. This 
diversity results, in part, from a family of nicotinic 
acetylcholine receptor alpha subunit encoding genes 
(alpha3 and alpha4) and in part from alternate RNA 
processing of the alpha4 gene transcript represented 
by clones 4.1 and 4.2. Analysis of these receptors 
and the regions of the brain in which they are 
expressed makes it possible to begin to relate 
structure to both function and location in the nervous 
system. 

The alpha4 gene encoding clones 4.1 and 4.2 
represents the fourth identified member of an 
acetylcholine receptor gene family coding for proteins 
homologous to the muscle alpha subunit. The first 
three members of this gene family to be identified 
were: (1) The muscle nicotinic acetylcholine receptor 
alpha subunit encoding gene, for which the 
corresponding cDNAs have been isolated from a number 
of different species, and is referred to here as the 
alphal gene (Noda, et al., 1983; Boulter, et al., 1985); (2) 
Chick and rat genomic clones (alpha2) have been 
isolated that code for an alpha subunit-like molecule 
(Mauron, et al.. 1985) ; and (3) The alpha3 gene expressed 
in the rat PC12 cell line, the adrenal medulla, and 
certain brain areas (Boulter, et al., 1986; Heinemann, et 
al., 1986; Goldman, et al., 1986). Therefore, diversity in 
nicotinic acetylcholine receptors can be explained, at 
least in part, by existence of a gene family encoding 
the alpha subunits of these receptors. Furthermore, 
clones 4.1 and 4.2 probably result from differential 
splicing of the alpha4 gene primary transcript 



providing another mechanism for generating receptor 
diversity in the brain. 

The in situ hybridization experiments (Figures 
4 A & B and 5 A & B) show that alpha4 is expressed in 
5 the neocortex / many thalamic nuclei, medial habenula, 
dorsal lateral (dorsal part) and medial geniculate 
nuclei, substantia nigra pars compacta, ventral 
tegmental area, hypothalamus, brain stem and spinal 
cord. Most of these areas of the brain have also been 

10 shown to bind radiolabeled acetylcholine or nicotine 
(Clarke, et al.. 1985) , consistent with the idea that 
clones 4 . 1 and 4 . 2 code for alpha subunits of neural 
nicotinic receptors. 

Besides binding nicotine and acetylcholine, 

15 the acetylcholine receptor found in muscle binds and 
is inactivated by a-bungarotoxin. In mammals, a- 
bungarotoxin binds to components in the nervous system 
whose function remains unknown, but which are distinct 
from the ganglionic nicotinic acetylcholine receptor 

20 (Patrick and Stallcup, 1977a, b) . Furthermore, the 
brain regions that bind radiolabeled nicotine or 
acetylcholine are different from the regions that bind 
a- bungarotoxin (Clarke, et al., 1985) . Our results 
indicate that the in situ hybridization pattern, seen 

25 when probes for the alpha4 gene product are used, 

correlate best with nicotine and acetylcholine binding 
and not with a-bungarotoxin binding. For example, 
there are high levels of a-bungarotoxin binding in the 
hippocampus and hypothalamus and very low levels of 

30 binding throughout the thalamus (Clarke, et al., 1985) . 
In contrast, alpha4 gene expression is highest in the 
thalamus, low in the hypothalamus and not detectable 
in the hippocampus (Figure 4B) . This makes it 
unlikely that the alpha4 gene codes for a component of 
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the a-bungarotoxin binding site found in these brain 
areas. 

The brain regions where alpha4 is expressed 
are known to receive cholinergic innervation 
5 (Armstrong, et al., 1983; Houser, et al., 1983; Ichikawa and 
Hirata, 1986) . For example: (1) Cholinergic 
projections to the neocortex arise from the medial 
septal nucleus, nucleus of the diagonal band and 
nucleus basalis (Pearson, et al., 1983). Nicotinic 

10 receptors have been implicated in mediating at least 
part of the cholinergic transmission in the neocortex. 
Lesions of the nucleus basalis have been reported to 
result in supersensitivity of rat neocortical neurons 
to iontophoretically applied acetylcholine (Lamour, et 

15 al.. 1982) . This supersensitivity to acetylcholine was 
accompanied by an increased sensitivity to nicotine 
and carbachol, implying the involvement of nicotinic 
acetylcholine receptors. (2) The anteroventral , 
medial and posterior nuclei of the thalamus and the 

20 ventral lateral geniculate nucleus receive cholinergic 
input from the nucleus tegmentalis dorsalis lateralis 
(Rotter and Jacobowitz, 1981). The nucleus 
cuneiformis may also send some cholinergic projections 
to the posterior thalamic nuclei and ventrolateral 

25 geniculate nucleus. (3) The medial habenula receives 
cholinergic projections in part from the 
supracommissural septum and the nucleus of the 
diagonal band (Herkenham and Nauta, 1977) . 
Furthermore, the medial habenula has a cholinergic 

30 projection via the fasciculus retroflexus to the 

interpeduncular nucleus (Herkenham and Nauta, 1979) . 
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Our in situ hybridization results show that 
the pattern of alpha4 gene expression is different 
from that seen for the alpha3 gene (Figure 5A and 5B) 
(Goldman, et al.. 198 6) . It is reasonable to assume that 
5 the properties of a receptor are determined by the 
primary structure of the receptor protein. Thus, it 
seems plausible that the alpha3 and alpha4 gene 
products have different functional properties in these 
different brain regions. A possible difference is in 

10 a pre-synaptic versus post-synaptic function. One 
area of the rat central nervous system that has 
clearly been shown to contain pre-synaptic nicotinic 
acetylcholine receptors is the substantia nigra pars 
compacta. This area of the brain contains 

15 dopaminergic cells which project to the striatum, and 
whose cell bodies and terminals contain nicotinic 
receptors. Nicotine or acetylcholine bind to these 
receptors to stimulate dopamine release and turnover 
in the striatum (Lichtensteiger , eta!., 1982; Sakurai, 

20 1982) . 

Another area of the brain likely to contain 
pre-synaptic acetylcholine receptors is the 
interpeduncular nucleus (Brown, et al., 1984) . The 
medial habenula sends a cholinergic projection to the 

25 interpeduncular nucleus via the fasciculus 

retroflexus. Stimulation of the acetylcholine 
receptors found on the terminals of the fasciculus 
retroflexus result in a depression of the pre-synaptic 
action potential found in the interpeduncular nucleus. 

30 Nicotine mimics, while nicotinic antagonists block, 
the depression of the pre- synaptic action potential 
caused by acetylcholine or carbachol. Therefore, 
these results indicate that at least some of the 
nicotinic acetylcholine receptors found in the 
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interpeduncular nucleus are pre-synaptic (Brown, et al., 
1984). 

It is interesting that both the substantia 
nigra pars compacta and the medial habenula synthesize 
5 pre-synaptic nicotinic receptors and hybridize to 
cDNAs corresponding to the alpha3 and alpha4 gene 
products (Figures 4 A & B and 5 A & B) (Goldman, et al., 
1986) . In situ hybridization experiments demonstrated 
that the alpha3 gene is expressed predominantly in the 

10 medial habenula, substantia nigra pars compacta and 

ventral tegmental area (Goldman, et al., 1986) , while the 
alpha4 gene is also expressed in these areas among 
others (Figure 4 A & B) . One possibility is that the 
alpha3 gene encodes an alpha subunit of a pre-synaptic 

15 receptor found in these brain areas, while the alpha4 
gene encodes alpha subunits of post-synaptic receptors 
found in these and other areas of the central nervous 
system • 

The alpha subunits of muscle nicotinic 
20 acetylcholine receptors have domains that are thought 
to correspond to specific functional features of the 
molecule. Specifically, there are four domains in the 
mature molecule which are particularly hydrophobic and 
which are sufficiently long to span the cell membrane 
25 in an alpha-helical configuration. These domains are 
also found in the proteins encoded by the alpha3 gene 
and now the alpha4 gene reported here. The 
amphipathic helix in the Torpedo electric organ 
acetylcholine receptor, first described by Finer-Moore 
30 and Stroud (1984) and Guy (1984) , is also conserved 

among the' muscle and neural alpha subunits. While the 
exact amino acid sequences are not conserved, the 
amphipathic nature is well conserved. The fact that 
these specific domains are conserved suggests that 
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these portions of the molecule play important roles in 
receptor function. 

The deduced amino acid sequence of the 
muscle alpha subunit contains four cysteine residues 
5 (at amino acid positions 128, 142, 192 and 193) in the 
region thought to be extracellular. Cysteines 192 and 
193 are known to be in the vicinity of the 
acetylcholine binding site because they are labeled by 
the affinity reagent MBTA (Kao, et al., 1984). In 

10 addition, the muscle alpha subunit contains a 

potential glycosylation site at Asnl41 in all species 
examined to date. The four cysteines and asparagine 
(Asnl41) are conserved in the alpha4 sequence. In 
addition to Asnl41, both neuronal alpha subunits, 

15 alpha3 and alpha4 , have a potential glycosylation site 
at Asn24. Thus, glycosylation at Asn24 may be a 
marker for neuronal nicotinic receptors. 

Part of the a-bungarotoxin binding site on 
the muscle nicotinic acetylcholine receptor has been 

20 mapped to amino acid residues 173-204 (Wilson et al., 

1985; Mulac-Jericevic and Atassi, 1986).- Furthermore, 
a synthetic peptide corresponding to residues 185-196 
of the Torpedo electric organ alpha subunit has been 
shown to bind, with low affinity, a-bungarotoxin in 

25 dot blot assays (Neumann, et al., 1986) . This region of 
the neural alpha3 and alpha4 sequences, when compared 
to the muscle alpha subunit sequence, contains many 
non-conservative substitutions (Figure 3 (parts 1-3)). 
This may explain the observation that alpha- 

30 bungarotoxin inactivates the muscle nicotinic 

acetylcholine receptor but not all mammalian neuronal 
nicotinic receptors (Clarke, et al., 1985; Patrick and 
Stallcup, 1977b; Sugiyama and Yamashita, 1986) . 
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The work from a number of laboratories has 
provided evidence that the brains of some non- 
mammalian species contain proteins with functional or 
structural homology to the nicotinic acetylcholine 
5 receptor. Hermans-Borgmeyer , et al. (198 6) have 

isolated a cDNA clone from Drosophilia that codes for a 
protein with sequence homology to the nicotinic 
acetylcholine receptor. Hanke and Breer (1986) have 
isolated a protein from locusts which functions as a 

10 nicotinic receptor when reconstituted into lipid 
bilayers. Putative nicotinic receptors have been 
isolated from chick brain (Conti-Tronconi , et aL, 1985; 
Whiting and Lindstrom, 1986) and localized by 
immunohistochemical methods (Swanson, et al., 1983b; 

15 Smith, et al., 1986). The relationship of these neuronal 
receptors to the gene family identified in this 
experimental section remains to be elucidated. 

SUMMARY 

In conclusion, this experimental section 
20 shows that heterogeneity exists in nicotinic 

acetylcholine receptor alpha subunits expressed in the 
mammalian central nervous system. This heterogeneity 
arises from the expression of different genes encoding 
the alpha subunits of the receptors (alpha3 and 
25 alpha4) and from alternative processing of the primary 
transcript (represented by clones 4.1 and 4.2). Based 
upon structural and sequence homology with the muscle 
alpha subunit, it is believed that the alpha4 gene 
encodes an alpha subunit protein. The areas of the 
30 central nervous system where the alpha4 gene is 

expressed are consistent with the proposal that alpha4 
codes for an alpha subunit of a nicotinic receptor 
system in the mammalian central nervous system. 
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EXPERIMENTAL PROCEDURES 
RNA Isolation 
RNA was isolated as previously described 
(Goldman, et aL, 1985) . Briefly, 1-2 grams of tissue 
5 were homogenized in buffered guanidine thiocyanate. 

After clarification, the homogenate was layered over a 
cushion of CsCl and centrifuged 15 hours at 35,000 rpm 
in a Beckman SW41 rotor. The RNA pellet was 
resuspended in water to which guanidine hydrochloride 
10 was added and then ethanol precipitated. The RNA 
precipitate was resuspended in water and ethanol 
precipitated again. Poly (A) + RNA was selected by 
chromatography over an oligo (dT) -cellulose column 
(Aviv and Leder, 1972) . 
15 Construction and Screening of cDNA Libraries 

Two cDNA libraries were constructed using 
poly (A) + RNA isolated from the hippocampus or a 
hypothalamic punch. The method of Gubler and Hoffman 
(1983) was used to prepare size-fractionated double- 
20 stranded cDNA. The cDNA was ligated to phosphorylated 
EcoRI linkers and cloned into the EcoRI site of 
bacteriophage AgtlO (Huynn, et aL, 1985). Approximately 
5 X 10 s plaques were screened from each library with a 
radiolabeled cDNA fragment coding for the mouse muscle 
25 acetylcholine receptor alpha subunit (Boulter, et aL, 
1985) , as well as a probe made from the cDNA coding 
for the alpha3 gene product (Boulter, et al., 198 6) . 
DNA Sequence Determination 
DNA sequencing was performed using the 
30 dideoxynucleotide chain termination method of Sanger, 
et al., (1977) . cDNAs were subcloned into M13 
bacteriophage vectors mpl8 and mpl9. Deletions were 
generated by the method of Dale, et al., (1985) . 
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RNA Blots 

RNA was denatured in formaldehyde at 65°C 
and electrophoresed in 2.2M formaldehyde, 1.4% agarose 
gels. The RNA was then transferred to a Gene Screen 
5 Plus membrane. Prehybridization and hybridization 

conditions were 5X SSPE (0.75 M NaCl, 57 mM Na 2 HP0 4 , 5 
mM EDTA, pH 7.4), 1% SDS, 10% dextran sulfate, and 50% 
formamide at 42 °C. After hybridization, the blot was 
washed in 0.2X SSPE, 1% SDS at 65 'C and was exposed to 

10 X-ray film with an intensifying screen at -70*C. 

SI Nuclease Analysis 
Nuclease SI digestions of heteroduplexes 
formed between poly (A) + RNA and M13 subclones of the 
alpha4 cDNA clone were carried out as described 

15 (Goldman, et al„, 1985). The 3' 596 nucleotides of the 
alpha4 cDNA were subcloned into M13mpl8 and the 
single-strand viral DNA was used to form 
heteroduplexes. Those hybrids surviving SI nuclease 
digestion were analyzed by electrophoresis through a 

20 3% polyacrylamide-8M urea gel, electroblotted to Gene 
Screen Plus and detected by hybridization to nick- 
translated radiolabeled alpha4 cDNA. 

In situ Hybridization 
In situ hybridization was performed as 

25 previously described (Cox, et al, 1984; Goldman, et aL, 

1986) . Briefly, brain sections mounted on polylysine 
coated slides were treated with proteinase K, 
acetylated with acetic anhydride and dehydrated prior 
to hybridization. Sections were hybridized with 

30 single strand radiolabeled RNA probes prepared from an 
SP6 vector containing a cDNA insert encoding either 
the alpha3 or alpha4 gene product. Hybridization was 
performed at 42° for 14-18 hours. Post-hybridization 
treatments included RNase A digestion and a final wash 
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in 0.1X SSPE at 65 "C. Slides were dehydrated and 
exposed to X-ray film at room temperature for 3-2 0 
days. 

Sequence Alignment and Homology Calculations 
5 Protein sequences were aligned using an 

INTELLI GENETICS software IFIND program that utilizes 
an algorithm developed by Wilbur and Lipman (1983) . 
Parameters were set to default values. Alignments 
were adjusted by visual inspection. Homology 
10 percentages were calculated by dividing the number of 
identical residues by the number of residues in the 
shorter of the two sequences being compared. 

Analysis of Amphipathic Character 
Helical wheel plots were used to analyze 
15 potential amphipathic character (Schiffer and 
Edmundson, 1967) . 

FIGURE LEGENDS 
Experimental Section I 
. Figure 1.' Line diagram illustrating the 

20 relationship of alpha clones 4.1 and 4.2 to each 

other. The 4.2 cDNA sequence begins at nucleotide 389 
of clone 4.1 (marked by arrow). Clone 4.2 is 
identical to 4.1 up to nucleotide 1871 after which the 
two sequences diverge (illustrated by wavy line) . 

25 Figure 2A (parts 1-3) and 2B (parts 1-3). 

Nucleotide and deduced amino acid sequence of alpha 
cDNA clone 4.1 and the unique 3' sequence of alpha 
clone 4.2. Arrows indicate where the two sequences 
diverge from each other. Nucleotides are numbered in 

30 the 5' to 3* direction beginning with the first base 
of the cDNA. 
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Figure 3 (parts 1-3). Alignment of deduced 
amino acid sequences for acetylcholine receptor alpha 
subunits from the mouse muscle cell line, BC3H-1 
(alphal, clone 1BMA407) (Boulter, et al., 1985), the rat 
neuronal cell line, PC12 (alpha3, clone 1PCA48) 
(Boulter, et al., 1986) and the rat brain (alpha4, clone 
4.2). Amino acids are boxed when the amino acid 
present in alpha4 is also present in either alphal or 
alpha3. Hydrophobic, putative membrane spanning 
regions (MSR) and the potential amphipathic helix are 
indicated below the aligned sequence. Asterisks 
indicate potential glycosylation sites and arrows 
indicate conserved cysteine residues. 

Figure 4 (A & B) . Mapping brain areas 
expressing RNA homologous to alpha clones 4 . 1 and 4 . 2 
by in situ hybridization. Brain sections were 
hybridized with radiolabeled RNA corresponding to 
full-length alpha 4.1 cDNA in the (A) antisense or (B) 
sense orientation. The sense orientation serves as a 
control for nonspecific hybridization. AM, 
anteromedial thalamic nucleus; ARC , arcuate 
hypothalamic nucleus; AV, anteroventral thalamic 
nucleus; C, neocortex; CM, central medial thalamic 
nucleus; DLG, dorsal lateral geniculate nucleus; LD, 
laterodorsal thalamic nucleus; LH, lateral 
hypothalamic area; LPO, lateral preoptic area; KG, 
medial geniculate nucleus; MH, medial habenula; MPO, 
medial preoptic area; Po, posterior thalamic nuclear 
group; PVA, paraventricular thalamic nucleus, 
anterior; RsPl, retrosplenial cortex; RT, reticular 
thalamic nucleus; NC, substantia nigra pars compacta; 
VL, ventrolateral thalamic nucleus; VLG, ventral 
lateral geniculate nucleus; VMH, ventromedial 
hypothalamic nucleus; VP, ventroposterior thalamic 
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nuclei; VPM, ventro posterior thalamic nuclei, medial 
area; VTA, ventral tegmental area. 

Figure 5 (A & B) . Comparison of alpha3 and 
alpha4 gene expression in rat brains by in situ 
5 hybridization. Brain sections were hybridized with 
radiolabeled RNA made from cDNAs corresponding to the 
products of the alpha3 gene (A) or the alpha4 gene 
(B) . 

Figure 6 (A & B) . SI nuclease protection 

1° experiment. (A) Fragment of alpha clone 4.1 cDNA 

subcloned into M13 . The fragment is 596 bases long, 
and the 5' 406 bases are the same in alpha clones 4.1 
and 4.2. (B) Gel profile of SI nuclease protected 
fragments generated by SI nuclease digestion of 

15 heteroduplexes formed between poly (A) + RNA isolated 

from the indicated areas of the central nervous system 
and the M13 subclone shown in (A) . Control lanes lack 
RNA during the hybridization. 

EXPERIMENTAL SECTION II 

20 PRIMARY STRUCTURE AND EXPRESSION OF BETA2 

INTRODUCTION 
Nicotinic acetylcholine receptor subunits 
are encoded by the members of a gene superfamily that 
includes the glycine and A-aminobutyric acid (GABA) 

25 receptor subunits (Grenningloh, et al., 1987; Schofield, 
et al., 1987). The nicotinic acetylcholine receptor of 
the Torpedo electric organ is known to be a pentameric 
structure composed of homologous subunits with the 
stoichiometry: alal^XS (for review, see Stroud and 

30 Finer-Moore, 1985) . The nicotinic receptors that 
mediate the excitation of skeletal muscle are also 
thought to have a similar structure, since subunits 
similar to the electric organ receptor subunits have 
been found in muscle (for review, see Schuetze and 
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Role, 1987) . In contrast, much less is known about 
the nicotinic acetylcholine receptors that mediate 
synaptic transmission in the peripheral and central 
nervous systems. However, it is clear that the 
5 "neuronal" receptors are pharmacologically 

distinguishable from the muscle nicotinic receptors 
and may constitute a family of subtypes (for review, 
see Martin, 1986) . 

As discussed in other parts of this 

10 specification, our group has used the molecular 

genetic approach to identify and characterize neuronal 
nicotinic acetylcholine receptors. The isolation of 
rat genomic and cDNA clones defined the homologous 
genes alpha2 (K. Wada, et al., 1988) , alpha3 (Boulter, el 

15 al., 1986) , alpha4 (Goldman, et al.. 1987) and alpha5. In 
situ hybridization histochemistry has shown that each 
of these genes exhibits a different pattern of 
expression in the brain, suggesting that they encode 
subunits of different neuronal nicotinic receptors. 

20 The primary structures of the proteins 

encoded by the alpha2, alpha3, alpha4 and alpha5 genes 
have features found in the subunits of the Torpedo 
electric organ and vertebrate muscle nicotinic 
acetylcholine receptors. One of these features is the 

25 presence of two adjacent cysteine residues in the 

presumed extracellular domain; a feature common to the 
agonist-binding alphal subunits, but not the beta, 
gamma, and delta subunits of the electric organ and 
muscle receptors. These cysteine residues have been 

30 shown to be close to the agonist-binding site within 
the alpha subunits (Kao, et al., 1984; Kao and Karlin, 
1986). Thus, it is believed that the alpha2 , alpha3 , 
alpha4 and alpha5 genes encode agonist-binding 
subunits of neuronal receptors. 
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The structures of the neuronal receptors are 
not known, but one possibility is that they are • 
composed of identical subunits. To test this idea, a 
single mRNA species encoding either the alpha2, 
5 alpha3, or alpha4 subunits was injected into oocytes. 
Voltage depolarizations could not be detected in 
oocytes injected with either alpha2 or alpha3 mRNAs. 
Responses to acetylcholine could be detected in 
oocytes injected with alpha4 mRNA,. but this response 

10 was weak and occurred infrequently (Boulter, et al., 
1987) . This suggests that, like the electric organ 
and vertebrate muscle receptors, neuronal receptors 
are heterooligomers . 

This experimental section discloses the 

15 primary structure of a protein that is homologous to 
the neuronal alpha subunits but lacks the two adjacent 
cysteine residues, shown to be near the agonist- 
binding site. In this respect, the protein is similar 
to the beta, gamma, and delta subunits of the electric 

20 organ and muscle receptors. In addition, this 

experimental section provides additional evidence that 
this protein can functionally substitute for the 
muscle beta subunit in a nicotinic receptor. Thus, 
the name beta2 has been given to this protein. In our 

25 terminology, betal corresponds to the beta subunits of 
the electric organ and muscle receptors. Expression 
studies have shown that three types of functional 
neuronal nicotinic acetylcholine receptors are 
produced upon co-injection of beta2 mRNA and each of 

30 the neuronal alpha2, alpha3, and alpha4 mRNAs. These 
results, together with the distribution of beta2 
transcripts in the brain are consistent with the idea 
that different neuronal nicotinic acetylcholine 
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receptors are composed of beta2 subunits and different 
agonist-binding alpha subunits. 

RESULTS 

Isolation of the Beta2 cDNAs 
5 To determine whether additional subunits 

other than the alpha2 , alpha3 , and alpha4 subunits are 
required to produce functional neuronal nicotinic 
acetylcholine receptors, cDNA libraries were screened 
to find clones encoding new subunits. In situ 

10 hybridization histochemistry has shown that 

transcripts encoding the alpha2 (K. Wada, et al., 1988), 
alpha3 (Boulter, et al., 1986) , and alpha4 (Goldman, et al.. 
1987) subunits are present in the rat brain. Thus, 
AgtlO cDNA libraries were prepared from poly (A) + RNA 

15 isolated from different regions of the brain. One 

such library prepared from poly (A) + RNA isolated from 
the hypothlamic region of the brain was screened with 
a radiolabeled probe made from a cDNA encoding the 
alpha3 subunit. Screening 5 x 10 5 recombinants 

20 resulted in the isolation of clones, 15-1 (1324 bp) , 
122-1 (1834 bp), and 133-1 (1706 bp) (Figure 7A) , 
encoding a protein related to, but different from, the 
alpha2, alpha3 and alpha4 subunits. As described 
previously (Boulter et al., 1986) , transcripts encoding 

25 the alpha3 subunit are also present in the rat adrenal 
chromaffin tumor cell line, PC12 . This cell line 
expresses a "ganglionic" nicotinic acetylcholine 
receptor of the type found in sympathetic neurons 
(Patrick and Stallcup, 1977b) . Thus, a AgtlO cDNA 

30 library prepared from PC12 cell poly (A) + RNA was 

screened to determine whether related clones could be 
found in this library. Screening 1 x 10 6 recombinants 
with a probe made from clone 15-1 resulted in the 
isolation of several clones, one of which, 1PCX49 
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(2196bp) , was chosen for further study (Figure 7 A) . 
Nuclease SI protection analysis (data not shown) 
revealed that 1PCX4 9 is colinear with the clones 
isolated from the brain cDNA library. 
5 Primary Structure of the Beta2 Subunit 

Of the four cDNAs isolated, 1PCX4 9 extended 
furthest in both the 5' and 3' directions. The 
nucleotide sequence of 1PCX49 and 15-1 was determined 
for both strands and is shown along with the deduced 

10 amino acid sequence in Figure 7B(1)-7B(3). An open 
reading frame of 1509 nucleotides is present that is 
bounded by an ATG codon at position 1 and an TGA stop 
codon at position 1510. Thus, the encoded protein is 
503 amino-acid residues in length, with a calculated 

15 molecular mass of 57,321 daltons. Flanking the open 
reading frame is a 5 1 untranslated region of 179 bp 
and a 3' untranslated region of 507 bp. Neither a 
consensus polyadenylation signal sequence nor a polyA 
tract is present, suggesting that the 3 1 untranslated 

20 region extends beyond the sequence present in the cDNA 
clone, 1PCX4 9. 

Examination of the primary structure of the 
beta2 protein indicates that it is a member of the 
neurotransmitter-gated ion-channel subunit 

25 superfamily. It is more related to the alpha3 and 
alpha4 neuronal nicotinic acetylcholine receptor 
subunits (approximately 50% sequence identity) than to 
any of the subunits of the mouse muscle nicotinic 
acetylcholine receptor (approximately 40% sequence 

30 identity) or the glycine and GABA receptor subunits 

(approximately 2 0% sequence identity) . The algorithm 
of Kyte and Doolittle (1982) revealed four potential 
transmembrane domains (TMD I-IV) that are features 
common to the members of the superfamily (Figure 8) . 
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Between the predicted signal peptide domain (the 
method of Von Heijne, 1986 was used to predict a 
signal peptide of 28 residues) and the first potential 
membrane spanning domain is an N- terminal hydrophilic 
5 segment thought to be an extracellular domain of the 
protein. Within this hydrophilic segment are two 
potential N-linked glycosylation sites (Figure 8) . 
These residues are conserved in the neuronal alpha3 
and alpha4 subunits; only the site nearer to the 

10 carboxy-terminus is conserved in the mouse muscle 
alphal subunit. A potential N-linked glycosylation 
site that is not conserved in the alphal, alpha3 , and 
alpha4 subunits is present eighteen residues from the 
carboxy- terminal end of the protein (Figure 8) . The 

15 possible presence of a carbohydrate chain at the 
carboxy-terminal end of the beta2 protein is 
consistent with one model (Claudio, et al., 1983) of 
receptor subunit organization that places the 
carboxy-terminus in the extracellular domain. 

20 Another feature the beta2 subunit shares 

with members of the neurotransmitter-gated ion-channel 
subunit superfamily is the presence in the N-terminal 
hydrophilic domain of two cysteine residues (Figure 8) 
that correspond to residues .128 and 142 of the Torpedo 

25 electric organ alpha subunit (Noda, et al., 1982). All 
alpha subunits sequenced to date have adjacent 
cysteine residues in the presumed extracellular 
domain. These residues correspond to cysteines 192 
and 19 3 of the Torpedo electric organ alpha subunit 

30 (Noda, et at., 1982) and are near the agonist-binding 

site (Kao and Karlin, 1986) . In contrast, the beta2 
subunit lacks two adjacent cysteine residues in the 
presumed extracellular domain (Figure 8) . In this 
respect, beta2 is similar to the betal, gamma, and 
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delta subunits of the Torpedo electric organ and the 
vertebrate muscle receptors. Based upon the absence 
of adjacent cysteine residues, the beta2 protein is 
proposed to be a non-agonist-binding subunit of 
5 nicotinic acetylcholine receptors. 

Expression of Functional Neuronal Nicotinic 
Acetylcholine Receptors 
A test was made to determine whether 
functional- nicotinic acetylcholine receptors can be 

10 produced in Xenopus oocytes after the pairwise 

injection of mRNA encoding the beta2 subunit and mRNA 
encoding either the alpha2 , alpha3 , or alpha4 subunits 
(Boulter, et ah, 1987; K. Wada, et al. unpublished data). 
Oocytes injected with beta2 mRNA and either of the 

15 neuronal alpha3 or alpha4 mRNAs exhibited strong and 
reproducible membrane depolarizations in response to 
acetylcholine (Table 1) and nicotine (Boulter et al., 
1987) . These acetylcholine receptors were blocked by 
the ganglionic nicotinic receptor blocked bungarotoxin 

20 3.1, but not by the neuromuscular junction nicotinic 
receptor blocked alpha-bungarotoxin (Boulter, et al., 
1987) . This pharmacology is characteristic of the 
ganglionic nicotinic acetylcholine receptors found in 
chick ciliary ganglion neurons (Ravdin and Berg, 

25 1979) , rat sympathetic neurons (Chiappinelli and 
Dryer, 1984) and PC12 cells (Patrick and Stallcup, 
1977) . Oocytes injected with the combination of 
alpha2 and beta2 mRNA (Table 1) also gave strong and 
reproducible depolarizing responses to acetylcholine 

30 and nicotine; however, this receptor was not sensitive 
to functional blockade by either bungarotoxin 3.1 or 
a-bungarotoxin (K. Wada, et al., 1988). Thus, some 
neuronal nicotinic acetylcholine receptors may be 
resistant to functional blockade by bungarotoxin 3.1, 
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although this pharmacology has not been reported in 
vivo . 

Evidence that the Beta2 Subunit Can Functionally 
Substitute for the Muscle Betal Subunit 
5 The absence of two adjacent cysteine 

residues is a structural feature that the beta2 
protein shares with the non-agonist-binding betal, 
gamma, and delta subunits of the Torpedo electric organ 
and mouse muscle nicotinic acetylcholine receptors. 

10 This feature suggests that the beta2 protein functions 
as a non-agonist-binding subunit. To examine this 
hypothesis, a test was made to determine whether the 
beta2 subunit could substitute for one of the mouse 
muscle receptor subunits. This was done by injecting 

15 into Xenopus oocytes various combinations of mRNA 

encoding the beta2 subunit and the muscle receptor 
subunits (al, £1, A, and S) . The oocytes were then 
tested for the expression of functional receptors by 
recording acetylcholine-evoked voltage 

20 depolarizations. 

Injection of all four of the muscle receptor 
subunit mRNAs (al, /31, A, and S) gave rise to strong 
functional expression (Table 2) . Omitting £1 mRNA, so 
that only al, A, and S mRNAs were injected resulted in 

25 either very weak or undectectable responses to 
acetylcholine. However, strong responses to 
acetylcholine could be detected by co-injecting beta2 
mRNA with al, A, and S mRNAs, although these responses 
were not as strong as those detected in oocytes 

30 injected with all four mouse muscle subunit mRNAs. 
The reproducibility with which acetylcholine-evoked 
voltage depolarizations were detected in oocytes 
injected with the above combinations is shown in Table 
3. It is evident that co-injection of 02 mRNA with 




al, X, and <S mRNAs restores the reproducibility of the 
acetylcholine responses to that seen with oocytes 
injected with all four muscle subunit mRNAs. These 
results, presented in Tables 2 and 3, indicate that 

5 the beta2 subunit can substitute for the muscle betal 
subunit in the formation of an acetylcholine receptor. 

It is possible that the beta2 subunit can 
substitute .for other muscle subunits as well. To 
investigate this possibility, oocytes were injected 

10 with additional combinations of beta2 and muscle 

subunit mRNAs (Table 3). It was found that injection 
of beta2 mRNA alone does not give rise to detectable 
acetylcholine sensitivities. Therefore, the beta2 
subunit by itself cannot account for the observed 

15 effect. Acetylcholine-evoked voltage depolarizations 
were not detectable in oocytes injected with the mouse 
muscle alphal mRNA and beta2 mRNA, indicating that the 
beta2 subunit cannot substitute for all three muscle 
non-alpha subunits. Apparently the alphal and beta2 

20 subunits are unable to form a receptor in a manner 
analogous to the neuronal receptors. 

A further test was made to determine whether 
the beta2 subunit could substitute for either the 
gamma or delta subunits. This experiment was based on 

25 two observations: (1) injection of alphal and betal 
mRNAs into oocytes does not result in detectable 
depolarizing responses to acetylcholine and (2) if 
this mRNA mixture is supplemented with either gamma or 
delta mRNA, then strong and reproducible responses are 

30 detected (data not shown) . To test the idea that the 
beta2 subunit can substitute for either the gamma or 
delta subunits, alphal, betal, and beta2 mRNA was 
injected into oocytes. As shown in Table 3, it was 
not possible to detect responses to acetylcholine in 
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any of the oocytes injected with this combination of 
mRNAs. Thus, the beta2 subunit apparently cannot 
substitute for either the gamma or delta subunits . 

To determine whether the receptor produced 
5 upon co-injection of the muscle subunit mRNAs and the 
beta2 mRNAs requires alphal mRNA, oocytes were 
injected with beta2, gamma, and delta mRNAs. 
Responses to acetylcholine were not detected. This 
indicates that the alphal subunit is required for 
10 functional expression and that the beta2 subunit 
cannot substitute for both the alphal and betal 
subunits. 

The observation (unpublished) that injection 
of betal, gamma and delta mRNAs does not result in the 

15 detection of functional receptors was used to test 
whether the beta2 subunit can substitute for the 
alphal subunit. Oocytes were injected with beta2 , 
betal, gamma and delta mRNAs and tested for 
depolarizing responses to acetylcholine. In each 

20 oocyte injected with this combination of mRNAs, 
acetylcholine was unable to evoke detectable 
depolarizing responses. Thus, there is no evidence 
that the beta2 subunit can functionally substitute for 
the agonist-binding alphal subunit. This is 

25 consistent with the idea that the beta2 subunit is not 
an agonist-binding subunit. 

The receptor produced in oocytes injected 
with alphal, beta2, gamma, and delta mRNAs is 
nicotinic; depolarizations could be elicited by 1 mM 

30 nicotine and were blocked by 100 mM d-tubocurarine. 

Furthermore, the receptor exhibits the pharmacology of 
a muscle nicotinic receptor, in that incubation of 
oocytes with 0.1 mM a-bungarotoxin for 3 0 minutes 



completely blocked the response to 10 mM acetylcholine 
(data not shown) . 

The results presented in Tables 2 and 3 
demonstrate that beta2 mRNA can contribute to the 
5 strong and reproducible expression of a nicotinic 

acetylcholine receptor in combination with the mouse 
muscle alphal, gamma, and delta mRNAs. The simplest 
interpretation is that the beta2 protein functionally 
substitutes for the mouse muscle betal subunit. 

10 Together with the structural considerations discussed 
above, these results suggest the beta2 protein 
functions as a non-agonist-binding subunit in neuronal 
nicotinic acetylcholine receptors. 

Beta2 RNA Expression in the Rat Nervous System 

15 The expression studies performed in oocytes 

suggest that the beta2 gene encodes a subunit common 
to a family of nicotinic receptors in the nervous 
system. To provide additional evidence for this idea, 
an examination was made to determine whether beta2 

20 mRNA co-localizes with mRNA encoding the alpha2, 
alpha3 , and alpha4 subunits. 

Previously, alpha3 mRNA was shown to be 
present in PC12 cells and has been proposed to encode 
a subunit of the nicotinic acetylcholine receptor 

25 expressed in these cells (Boulter, et al„ 1986) . In 

addition, it has been shown that alpha3 (Boulter, et aL, 
1986; Goldman, et at., 1986) and alpha4 (Goldman, eta!., 
19 87) mRNA is present in the central nervous system. 
Northern blot analysis was used to determine whether 

30 beta2 mRNA co-localizes with alpha3 mRNA in PC12 cells 
and with alpha3 or alpha4 mRNA in the central nervous 
system. Poly (A) + RNA isolated from PC12 cells, 
thalamus and spinal cord was size fractionated and 
transferred to a Gene Screen Plus nylon membrane. To 
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minimize cross-hybridization of the beta2 sequence 
with other members of the nicotinic acetylcholine 
receptor gene family, a [ 32 P] -radiolabeled probe was 
prepared using a Pstl-EcoRI 571 bp fragment of clone 
5 PCX49 that corresponds to mostly 3' untranslated 
sequence (see Figure 7A) . Hybridizing species of 
approximately 3.9 kb and 5.7 kb were detected in RNA 
obtained from PC12 cells (Figure 9A) and both central 
nervous system regions (Figure 9B) . 

10 To determine more precisely the distribution 

of beta2 transcripts within the central nervous 
system, in situ hybridization histochemistry was used. 
Radiolabeled antisense or sense RNA probes were 
transcribed in vitro from a plasmid in which the 

15 Pstl-EcoRI 571 bp fragment of PCX49 was subcloned 

between the SP6 and T7 promoters. Figure 10 (A & B) 
shows the results of hybridization of antisense and 
sense (to assess background labeling) RNA to 
paraf ormaldehyde-f ixed sections of adult rat forebrain 

20 and midbrain. The antisense RNA probe hybridized to 
regions throughout the forebrain and midbrain. The 
most intense labeling occurred in the piriform cortex, 
olfactory tubercle, hippocampal region (dentate gyrus, 
Amnion's horn, and subiculum) , thalamus, supraoptic 

25 hypothalamic nucleus, and interpeduncular nucleus. In 
addition, many other structures, including the 
neocortex, striatum, ventromedial hypothalamic 
nucleus, and substantia nigra pars compacta were 
labeled, although to a lesser extent. This pattern of 

30 hybridization was also seen when rat brain sections 
were probed with [ S5 S] -radiolabeled antisense RNA 
corresponding to the 5' 1238 bp of PCX49 (data not 
shown) . Examination of emulsion dipped sections 
revealed that the beta2 RNA probe accumulated over 
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neurons. Glia, fiber tracts and the ependyma appeared 
to be free of labeling (E. Wada, et al., unpublished 
data) . Thus, beta2 transcripts appear to be found in 
all of the general regions where alpha2 (K. Wada, et al., 
5 unpublished data), alpha3 (Goldman, et al., 1986), and 
alpha4 (Goldman, et al., 1987) transcripts are found. 
This result is consistent with the idea that in 
different areas of the nervous system distinct forms 
of neuronal nicotinic acetylcholine receptors are 
10 produced by combining beta2 subunits with different 
agonist- binding alpha subunits. 

DISCUSSION 

Our group has identified four genes, alpha2 
(Wada, et al.. 1988 and this specification) , alpha3 

15 (Boulter, et al., 1986) , and alpha4 (Goldman, et al., 1987 
and this specification) and alpha5 (this 
specification) proposed to encode agonist-binding 
alpha subunits of different neuronal nicotinic 
acetylcholine receptors. Expression studies in Xenopus 

20 oocytes suggested that, in addition to the alpha 
subunits, other subunits are reguired to form 
functional neuronal receptors. In this experimental 
section, the primary structure of a protein is 
described that is homologous to the neuronal alpha 

25 subunits but lacks two adjacent cysteine residues 
shown to be near the agonist-binding site. This 
protein, beta2 , is therefore similar to non-agonist- 
binding subunits of the electric organ and muscle 
nicotinic acetylcholine receptors. The results of 

30 oocyte expression studies and the localization of 
beta2 transcripts are consistent with the idea that 
the beta2 protein is a subunit common to different 
neuronal nicotinic acetylcholine receptors expressed 
in the peripheral and central nervous systems. 
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Nucleotide sequence analysis has revealed 
that the beta2 subunit contains specific structural 
features found in members of the neurotransmitter- 
gated ion-channel subunit super family. These include 
5 a large hydrophilic amino-terminal domain that 

contains two cysteine residues that correspond to the 
Torpedo alpha subunit cysteine residues 128 and 142 
(Noda, et al., 1982) , and four hydrophobic segments that 
presumably form transmembrane domains. The beta2 
10 subunit exhibits greater sequence identity to the 
neuronal alpha3 and alpha4 subunits than with the 
other members of the superfamily. The closer 
similarity to the neuronal alpha3 and alpha4 subunits, 
together with the distribution of its mRNA in the 
15 nervous system, indicates that the beta2 gene encodes 
a neuronal nicotinic acetylcholine receptor subunit. 

Torpedo electric organ and muscle nicotinic 
acetylcholine receptors are composed of al-al-/31-A-$ 
subunits. The alpha subunits can be distinguished 
20 from the beta, gamma, and delta subunits by the fact 
that they are labeled by affinity alkylating reagents 
such as 4-(N-maleimido)benzyltrimethyl-ammoniumiodide 
(MBTA) (Weill, et al.. 1974). Thus, alpha subunits but 
not beta, gamma, and delta subunits contain the 
25 agonist-binding site. The covalent binding of these 
reagents depends upon the prior reduction of a 
disulfide bond (Karlin, A., 1969). It has been shown 
for the Torpedo alpha subunit that the residues 
involved in the covalent link to MBTA are cysteines 
30 192 and 193 {Kao, et al., 1984; Kao and Karlin, 1986). 

Thus, these residues lie close to the agonist-binding 
site of the receptor. In the beta, gamma, and delta 
subunits these two adjacent cysteine residues are not 
conserved, consistent with the failure of MBTA to 
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label these subunits. In this respect, the beta2 
subunit is similar to the betal, gamma, and delta 
subunits of the Torpedo electric organ and muscle 
receptors, suggesting that it functions as a non- 
5 agonist-binding subunit. The experiments presented 
here indicate that the beta2 subunit will substitute 
specifically for the mouse muscle betal subunit in the 
expression of a nicotinic acetylcholine receptor, thus 
providing functional evidence that the beta2 protein 
10 is a non-agonist-binding subunit. 

The functional expression in oocytes of 
three neuronal nicotinic acetylcholine receptors by 
the combination of the beta2 gene product with each of 
the neuronal alpha subunit gene products suggests a 
15 promiscuous function for the beta2 subunit. This 

raises an important question regarding the beta2 gene: 
does the beta2 gene encode a protein that is a subunit 
common to a family of nicotinic acetylcholine 
receptors in the nervous system? The expression 
20 studies indicate that this is clearly possible from a 
functional point of view. Still, it is possible that 
the promiscuous nature of the beta2 subunit is only 
evident in the oocyte system where one can create 
adventitious subunit combinations that are not present 
25 in vivo. However, the pattern of beta2 RNA expression 

in the nervous system supports the idea that receptors 
composed of alpha2/beta2 , alpha3/beta2 , and 
alpha4/beta2 subunits are be made in the nervous 
system. Both alpha3 and beta2 transcripts are found 
30 in a cell line, PC12, that expresses a neuronal 

nicotinic acetylcholine receptor. The receptor in 
PC12 cells and the receptor formed by the combination 
of the alpha3 and beta2 gene products in oocytes share 
similar pharmacological properties. Bungarotoxin 3.1 
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functionally blocks both the PC12 cell receptor (J. 
Patrick, unpublished observation) and the alpha3/beta2 
receptor (Boulter, et al.. 1987) , but neither of these 
receptors are functionally blocked by alpha- 
5 bungarotoxin (Patrick and Stallcup, 1977; Boulter, et 
al., 1987) . In addition, it has been shown that beta2 
RNA is localized in regions of the brain where alpha2 
(Wada, et al.. 1988), alpha3 (Goldman, et al., 1986), and 
alpha4 (Goldman, et al.. 1987) RNA is found, most notably 

10 in the thalamus. One of the regions of the thalamus 
showing intense labeling by the alpha3, alpha4, and 
beta2 RNA probes is the medial habenular nucleus. 
This region has been shown to respond to the 
application of acetylcholine and nicotine (but not 

15 muscarinic agonists) by causing a rapid excitation due 
to an increase in membrane conductance. This effect 
was blocked by hexamethonium but not by atropine and 
was interpreted to indicate the presence of a 
nicotinic acetylcholine receptor (McCormick and 

20 Prince, 1987) . Thus, the response to acetylcholine in 
the medial habenular nucleus may be mediated by 
receptors composed of beta2 subunits in combination 
with either or both of the alpha3 or alpha4 subunits. 

Further evidence consistent with the idea 

25 that the neuronal receptors are composed of a beta2 

subunit and either alpha2 , alpha3, or alpha4 subunits 
comes from correlations of in situ hybridization mapping 
with in situ mapping of radiolabeled cholinergic agonist 
binding (Clarke, et al.. 1985) and immunohistochemical 

30 studies (Swanson, et al.. 1987). [ S H] -acetylcholine and 
[ 3 H] -nicotine were used to identify high affinity 
binding sites in the rat brain. Most of the regions 
labeled by [ 3 H] -agonists correspond to regions labeled 
by both beta2 and alpha4 RNA probes. High affinity 
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binding sites for these radiolabeled agonists are also 
found in regions where beta2 transcripts colocalize 
with alpha2 and alpha3 transcripts, for example, the 
interpeduncular nucleus (K. Wada, et al., unpublished 
5 data) . Immunohistochemical studies (Swanson, et al., 
1987) have been performed using a monoclonal antibody 
(mAb270) that has been used to purify a nicotine 
binding site from rat brain (Whiting and Lindstrom, 
1987a) . The binding pattern of mAb270 was similar to 

10 that of [ 5 H] -agonists. Thus, the pattern of mAb270 
binding closely matched the distribution of alpha2, 
alpha3, alpha4 and beta2 transcripts. This suggests 
that [ 3 H] -agonists and itiAb270 bind to receptors 
composed of beta2 subunits and agonist-binding alpha 

15 subunits. 

Interestingly, beta2 RNA expression was also 
observed in regions of the central nervous system that 
are not labeled by [ 3 H] -agonists and mAb270, and where 
neither the alpha2, alpha3 nor alpha4 genes are 

20 expressed. One of these regions, the supraoptic 

nucleus has been reported to be labeled by [ 125 I]-a- 
bungarotoxin (Clarke, et al.. 1985) . a-bungarotoxin is a 
component in the venom of the snake Bungarus multicinctus 
that functionally blocks the neuromuscular junction 

25 nicotinic acetylcholine receptor. This toxin also 

binds to a component that has been purified from chick 
and rat brains (Conti-Tronconi , et al., 1985; Kemp, et al., 
1985) . However, the component is distinguishable from 
functional neuronal receptors; alpha-bungarotoxin does 

30 not block the function of certain nicotinic 

acetylcholine receptors in the peripheral and central 
nervous systems, (Martin, 1986) and in situ mapping 
studies (Clarke, et al., 1985) have shown that [ 125 I]-a- 
bungarotoxin labels many regions that lie outside 
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those labeled by [ 3 H] -acetylcholine and [ 3 H] -nicotine. 
The function of the a-bungarotoxin binding component 
is not known, though it has been proposed to be a low 
affinity nicotine receptor (Wonnacott, 1986) ; possibly 
5 mediating at least some of the central physiological 
and behavioral effects of nicotine. One possibility 
is that the beta2 protein is also a subunit of the 
toxin-binding component. Alternatively, the beta2 
subunit could be a component of a neuronal nicotinic 
10 acetylcholine receptor that either: (1) has an 

affinity for ligands too low to bind [ S H] -agonists in 
situ, (2) is transported to sites far removed from cell 
bodies so that there is no correspondence between mRNA 
and protein localization, or (3) is present in amounts 
15 insufficient for detection by [ 3 H] -agonists and 
mAb270. In view of its functionally promiscuous 
nature and apparent ubiquitous transcript 
distribution, another formal possibility is that the 
beta2 protein also functions as a subunit of a non- 
20 cholinergic receptor. 

The results presented here and previously 
(Boulter, et al., 1987; K. Wada, et al., unpublished data) 
do not provide direct information concerning the 
number of different subunits present in neuronal 
25 nicotinic receptors in vivo. However, the idea that 
neuronal nicotinic receptors are formed from two 
different subunits is supported by the recent reports 
of the purification of proteins from detergent 
extracts of chick (Whiting and Lindstrom, 198 6a) and 
30 rat (Whiting and Lindstrom, 1987a) brain that exhibit 
the pharmacological properties (Whiting and Lindstrom, 
1986b) of a neuronal nicotinic acetylcholine receptor. 
These components appear to be composed in each case of 
two subunits. The larger of these two subunits is 
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labeled by MBTA (Whiting and Lindstrom, 1987b) , 
indicating that it is an agonist-binding alpha 
subunit. Indeed , it has recently been determined by 
amino-terminal micro-sequencing of purified 
5 polypeptide preparations that the larger of these two 
subunits corresponds to the alpha4 subunit (Whiting, 
et al., 1987). Amino-terminal sequence data has not been 
reported for the smaller molecular weight subunit. 
However, its failure to bind MBTA indicates that it is 
10 a non-agonist-binding subunit and thus it may be 
identical to the beta2 subunit. 

SUMMARY 

This experimental section presents the 
primary structure of the beta2 protein. The beta2 

15 protein has the structural and functional 

characteristics of a non-agonist-binding subunit. 
This interpretation is based on the absence of two 
adjacent cysteine residues shown to be near the 
agonist-binding site on alpha subunits and evidence 

20 indicating that the beta2 subunit can substitute 

specifically for the mouse muscle betal subunit in a 
functional receptor. In light of functional 
expression studies, showing that beta2 mRNA in 
combination with either alpha2 , alpha3, or alpha4 mRNA 

25 results in the formation of three different neuronal 
nicotinic acetylcholine receptors and the wide dis- 
tribution of beta2 transcripts in the rat brain, it is 
proposed that the nervous system expresses different 
nicotinic acetylcholine receptors by combining beta2 

30 subunits with different agonist-binding alpha 

subunits. Therefore, one mode of generating receptor 
diversity at synapses in the nervous system may be to 
complex a common non-agonist-binding subunit with 
unique agonist-binding subunits. 
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EXPERIMENTAL PROCEDURES 
Construction and Screening of cDNA Libraries 
Total RNA was obtained as previously 
described (Goldman, et al., 1987) or by the method of 
5 Cathala, et al. (1983). Poly(A)+ RNA was selected 
using an oligo-dT cellulose column (Aviv and Leder, 
1972) . The cDNA was synthesized by the method of 
Gubler and Hoffman (1983) from poly (A) + RNA that was 
obtained from a rat hypothalamic punch and PC12 cells. 

10 The cDNA was ligated to phosphorylated EcoRl linkers 
and cloned into the £coRI site of bacteriophage AgtlO 
(Huynn, et al., 1985). Approximately 5x10 s recombinants 
from the hypothalamus library and lxlO 6 recombinants 
from the PC12 library were screened with a [ 32 P]- 

15 nick-translated PCA48 cDNA (Boulter, et al., 1986) or 
15-1 insert, respectively. Filter hybridization was 
performed overnight in 5X SSPE, 1% SDS, IX Denhardt's 
at 65 °C. Filters were washed twice at room 
temperature for 30 min in 2X SSC and once at 65 "C for 

20 lhr in 0.2X SSC and 1% SDS. 

Nucleotide Sequence Determination and Analysis 
The cDNA of purified lambda clones was 
inserted into the EcoRl site of M13mpl8. A nested set 
of overlapping M13 clones was generated by the method 

25 of Dale, et al., (198 5) and sequenced by the chain 

termination method of Sanger, et al., (1977) . Deduced 
amino-acid sequences were aligned with each other and 
percent identity was calculated by dividing the number 
of identical residues by the number of residues in the 

30 shorter of two subunits being compared. 
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In Situ Hybridization 
Adult male rats were anesthetized by 
intraperitoneal injection of 35% chloral hydrate 
(O.lml/lOOg body weight). Brain tissue was fixed by 
5 perfusion with 4% paraformaldehyde/ 0.05% 

glutaraldehyde. After perfusion, the brain was 
removed and placed in post-fix solution which 
consisted of 4% paraformaldehyde plus 10% sucrose. 
Tissue was post-fixed overnight and then frozen to 

10 -70 "C before being sectioned with a sliding microtome. 
Thirty micron thick sections were mounted on 
polylysine coated slides and then treated with 
proteinase K (10 mg/ml, 37°C, 30 min) , aceticanhydride 
and dehydrated in 50%, 70%, 95%, and 100% ethanol. 

15 [ 3S S] -labeled sense or antisense RNA probes were 
synthesized from a plasmid that contains a 571 bp 
PstT/EcoRT fragment of cDNA clone PCX4 9 (Figure 7A) , 
subcloned between the bacteriophage SP6 and T7 
polymerase promoters. Hybridizations were performed 

20 in 50% formamide, 0.3M NaCl , 10% dextran sulfate, and 
10 mM dithiothreitol with a probe concentration of 4 
xlO 6 cpm/ml hybridization buffer. Slides were covered 
with glass coverslips and incubated overnight at 56 °C. 
Sections were then washed for 15 min in 4x SSC at room 

25 temperature, digested with RNAse A (20 mg/ml, 30 min, 
37"C), washed for 30 min in 2xSSC and 1 mM 
dithiothreitol at room temperature and, finally, for 
30 min in 0.1XSSC and 1 mM dithiothreitol at 55 'C. 
Slides were dehydrated (in the presence of 1 mM 

30 dithiothreitol) in 50%, 70%, 95%, and 100% ethanol and 
exposed to Kodak XAR film at room temperature for 2-4 
days . 
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Northern Analysis 
Poly (A) + RNA was denatured at 60 °C in 
formaldehyde and electrophoresed in 2.2M 
formaldehyde/1. 0% agarose gels. RNA was transferred 
5 to a Gene Screen Plus membrane and prehybridized in 
50% formamide, 10% dextran sulfate, 1M NaCl, and 1.0% 
SDS at 42 *C for at least three hours. A [ 32 P] -nick- 
translated 571 bp Pstl/EcoRX PCX49 fragment (Figure 7A) 
of specific activity 4 x 10 8 cpm/mg was hybridized to 

10 membrane bound RNA for 12-1 6h at 42°C. Membranes were 
washed once at room temperature for 30 min in 2xSSC 
and 1.0% SDS followed by a 60 min wash in 0.2xSSC and 
1.0% SDS at 65 *C. Membranes were exposed to Kodak XAR 
film with an intensifying screen at -70 °C. 

1$ Oocyte Preparation and RNA Injections 

Mature Xenopus laevis (Xenopus I, Madison, WI) 
were used as the source of oocytes. Oocytes were 
treated with 1 mg/ml type II collagenase (Sigma 
Chemical Co., St. Louis, MO) for two hours at room 

20 temperature. The ovarian epithelium and follicle 
cells were then removed by manual dissection. Each 
oocyte was injected with 0.5 to 5 ng of RNA 
transcribed and capped with diguanosine triphosphate 
in vitro, in a 50 nl volume of water. Injected oocytes 

25 were incubated in Barth's saline at 20 "C prior to 
electrophysiological recordings. 

Electrophysiological Recordings 
Recordings were obtained from oocytes placed 
in a groove at the base of a narrow perspex chamber of 

30 0.5 ml volume. Oocytes were perfused at up to 4 0 

ml/min. with a control solution that consisted of 10 
mM HEPES (pH 7.2), 115 mM NaCl, 1.8 nH CaCl 2> 2.5 mM 
KC1, and 1 mM atropine. Then oocytes were perfused 
with agonists or antagonists (added to the control 



perfusing solution) , followed by a wash with control 
solution. Voltage recordings were made with the 
bridge circuit of the Dagan 8500 voltage clamp unit on 
oocytes injected 2-7 days previously. The recordings 
5 were obtained at room temperature (20-25*C) with 

micropipettes filled with 3M KC1. A resting potential 
more negative than -3 0 mV was required for inclusion 
of a particular oocyte in these studies. 

FIGURE LEGENDS 

10 Experimental Section II 

Figure 7A and 7B (parts 1-3). (A) 
Relationship and lengths of the beta2 cDNAs. Clones 
were isolated from the brain [light hatched bars] or 
PC12 [darkhatched bar] cDNA libraries. The black bar 

15 represents the coding region and the thin horizontal 
line represents the 5 1 and 3' untranslated regions. 
The Pstl site marks the 5' end of a 571 bp Pstl/EcoRl 
fragment of PCX49 used as a probe for northern 
analysis and to construct the SP6/T7 bacteriophage RNA 

20 polymerase promoter containing plasmid. This plasmid 
was used to prepare radiolabeled RNA probes for in situ 
hybridization. (B) (Shown as parts (1), (2) and (3)) 
Nucleotide sequence of the beta2 cDNAs and the deduced 
amino acid sequence. Nucleotides are numbered above 

25 the sequence and amino acids are numbered under the 
left most residues. 

Figure 8. Amino acid alignment of the beta2 
subunit with the mouse muscle and rat neuronal alpha 
subunits. Aligned with the beta2 subunit are the 

30 mouse muscle alphal (Boulter, et al.. 1985) and neuronal 
alpha3 (Boulter, et al., 1986) and alpha4 (clone 4.1) 
(Goldman, et al., 1987) subunits. Dark background 
highlights sequence identity among, at least, each of 
the neuronal alpha subunits and the beta2 subunit. 
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Double daggers mark potential N-linked glycosylation 
sites, asterisks mark cysteine residues conserved in 
each member of the neurotransmitter-gated ion-channel 
subunit superfamily, arrows mark conserved residues in 
5 the putative agonist-binding domain of the alpha 
subunits that are different in the beta2 subunit. 
Putative transmembrane domains, (TMD I-IV) , predicted 
using the algorithm of Kyte and Dooiittle (1982) , and 
a cytoplasmic domain are identified below the aligned 
10 sequences. 

Figure 9 (A & B) . Northern blot analysis. 

(A) Poly (A) + RNA isolated from PC12 cells (8 mg) and 

(B) Poly (A) + RNA isolated from an area of the thalamus 
that includes the medial habenular nucleus (3 mg, lane 

15 1) and from the spinal cord (4 mg, lane 2) was size 
fractionated on a 2.2 M f ormaldehyde/1 . 0% agarose gel 
and transferred to a Gene Screen Plus membrane. The 
membrane bound RNA was probed with a [ 32 P] -nick- 
translated 571 bp Pst~L/EcoR~L fragment of PCX49 (See 

20 Figure 7A) . 

Figure 10 (A & B) . In situ hybridization 
analysis. Rat forebrain and midbrain sections were 
probed with [ 35 S] -radiolabeled antisense (A) or sense 
(B) beta2 RNA transcribed in vitro using a plasmid into 

25 which a 571 bp Pstl/EcoRI fragment of PCX49 (see Figure 
7) was subcloned. Abbreviations are: DLG, lateral 
geniculate nucleus (dorsal part) ; DG, dentate gyrus; 
H, Amnion's horn (hippocampus); IPN, interpeduncular 
nucleus; MG, medial geniculate nucleus; MH, medial 

30 habenular nucleus; NC, neocortex; PC, piriform cortex; 
PVN, paraventricular hypothalamic nucleus; SON, 
supraoptichypothalamic nucleus; SNC, substantia nigra, 
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pars compacta; SC, superior colliculus; ST, striatum; 
TH, thalamus; TU, ol factory tubercle ; VTA, ventral 
tegmental area; VMH, ventromedialhypothalamic nucleus. 



Table 1. Expression of functional neuronal 

nicotinic acetylcholine receptors 



mRNAs Injected 



a3/32 46 50 

a4/32 48 49 

cc2(32 25 25 



Oocytes were tested for acetylcholine-evoked voltage 
depolarizations 2-7 days after the indicated mRNA 
injection. Each oocyte was typically tested with lOjiM 
acetylcholine. Each negative oocyte was additionally 
tested with a maximum dose of 1 mM acetylcholine. A 
positive response to 1 mM acetylcholine was considered 
to be a reproducible depolarization greater than a 
noise level defined as +lmV. Oocytes obtained from 
different animals typically exhibit variability with 
respect to expression of acetylcholine sensitivity. 
Therefore, to control for this variability these data 
were obtained using oocytes isolated from several 
different animals and several different preparations 
of mRNA. 
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Table 2. Effect of co-injection of beta2 mRNA with 

alphal, gamma, and delta mRNAs on acetyl- 
choline-evoked voltage depolaraizations 



mRNAs Experiment l Experiment 2 

Injected RP. (mV) A (mV) RP. (mV) A(mV) 



aly<S 59.4 ± 1.7 <0.1 ± <0.1 66.1 ± 4.3 ND 

al(32yS 64.0 ±4.3 9.9 ± 3.9 60.8 ±4.1 27.9 ±8.6 
al/31y<S 60.4 + 3.3 41.8 + 5.0 



Experiment 1: Oocytes taken from the same animal were 
injected at the same time with equivalent amounts of the 
indicated mRNA combinations. Two days later the oocytes 
were tested for depolarizing responses ( A ) to 1/iM 

20 acetylcholine from the corresponding resting potentials 

(R.P.). Values presented are means ± S.E. (n=6) . Of the 
six oocytes injected with alyS mRNAs only one gave a 
detectable response with 1/LtM acetylcholine, whereas all 
oocytes injected with the two other mRNA combinations gave 

25 responses. 

Experiment 2: An identical procedure was used except 
oocytes were obtained from a different animal and lOptM 
acetylcholine was used to elicit responses. Values 
presented are means ± S.E. (n=5) . The complete set of 

30 mouse muscle mRNAs were not tested in this experiment. 

N.D. indicates that depolarizations were not detected with 
10/jM or ImM acetylcholine. 
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Table 3. Reproducible formation of nicotinic 



5 



acetylcholine 


receptors by the 


specific 


substitution 


of betal mRNA with 


beta2 mRNA 


mRNAs Injected 


Positive 


Tested 




85 


86 


al-yS 


6 


33 


al£2-y<S 


35 


35 


02 


0 


21 


alp2 


0 


23 


al/31/32 


0 


21 


/32 7 5 


0 


20 


£2jSl 7 <S 


0 


21 



Various combinations of mRNA encoding the mouse muscle 
nicotinic acetylcholine receptor subunits alphal, betal , 
gamma and delta and mRNA encoding the beta2 subunit were 
injected into oocytes. Oocytes were tested for voltage 
depolarizations in response to 10/xM acetylcholine 2-7 
days after injection. Each trial scored as negative 
included a test with ImM acetylcholine. 
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EXPERIMENTAL SECTION III 
FUNCTIONAL EXPRESSION OF TWO NEURONAL NICOTINIC 
ACETYLCHOLINE RECEPTORS FROM cDNA CLONES 
IDENTIFIES A GENE FAMILY 
5 INTRODUCTION 

It seems likely that complex brain functions, 
such as learning and memory, involve changes in the 
efficiency of synaptic transmission. One way in which 
synaptic efficiency might be modified is through a 
10 change in the availability or properties of 

neurotransmitter receptors in the post-synaptic 
membrane. Testing this idea, and understanding 
mechanisms that might accomplish such a modification, 
requires means of detecting and quantifying receptors 
15 at synapses in the central nervous system. However, 
the low abundance and great diversity of 
neurotransmitter receptors in the central nervous 
system have made their analysis difficult. 

Our group therefore first chose to study 
20 neurotransmitter receptors at the more accessible 
neuromuscular junction, and were able to obtain and 
express cDNA clones encoding the subunits of the 
muscle type nicotinic acetylcholine receptor. These 
cDNA clones were subsequently used to identify 
25 homologous genes that code for acetylcholine receptor 
alpha subunits found in the central nervous system. 
This approach led to the isolation of two new cDNA 
clones (Boulter, et al., 1986 and Goldman, et al., 1987) 
which represent gene transcripts found in different 
30 regions of the brain and which encode proteins with 
the general structural features of muscle nicotinic 
acetylcholine receptor alpha subunits. Our group 
proposed that these genes, called alpha3 and alpha4 , 
code for the alpha subunits of functional nicotinic 
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acetylcholine receptors expressed in the central and 
peripheral nervous systems. This hypothesis has been 
tested and in this experimental section we show that 
RNA transcribed from either the clone derived from the 
5 alpha3 gene or the clone derived from the alpha4 gene, 
in concert with RNA transcribed from a new beta2 
clone, PCX49, will direct the synthesis of functional 
neuronal nicotinic acetylcholine receptors in Xenopus 
oocytes . 

10 RESULTS 

Two cDNA clones that encode proteins 
homologous to the alpha subunit of the muscle 
nicotinic acetylcholine receptor have been isolated 
and sequenced. These clones represent transcripts 

15 from two of what now appears to be a family of genes 
that encode the ligand- binding subunits of a family 
of nicotinic acetylcholine receptors. One clone, 
PCA48, was isolated from a cDNA library prepared from 
the PC12 cell line and represents a transcript of the 

20 alpha3 gene (Boulter, et al., 198 6) . Another clone, 
HYA23-1, was isolated from a cDNA library prepared 
from rat hypothalamus and represents a transcript of 
the alpha4 gene (Goldman, et al., 1987). In addition, a 
genomic clone containing an alpha2 gene has been 

25 isolated (Wada, et al., 1988) . These genes are expressed 
in the central nervous system and we propose that the 
encoded proteins comprise the ligand binding subunits 
of a family of neuronal acetylcholine receptors. 

The sequences of the proteins corresponding 

30 to genes alphal (expressed in muscle) , and alpha3 and 
alpha4 (expressed in neurons) are shown aligned in 
Figure 11. The similarities between the protein 
sequences are evident in the several conserved 
sequences, including those defining the hydrophobic 
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regions thought to form membrane spanning helixes 
(Claudio, et al., 1983; Devillers-Thiery , et al., 1983; and 
Noda, et al., 1983a) . The asterisks indicate two 
contiguous cysteines that are found in each sequence. 
5 The equivalent cysteines in the alpha subunit of the 
receptor from Torpedo electric organ are labeled with 
affinity labeling reagents (Kao, et al., 1984). These 
cysteines are found in all muscle type alpha subunits 
but not muscle type beta, gamma, or delta subunits. 

10 Their presence in each of the sequences shown in 

Figure 11 suggests that these proteins all contain an 
acetylcholine binding site. Because of the overall 
sequence homology and the conserved cysteines, our 
group has proposed that. the alpha3 and alpha4 gene 

15 products are the ligand-binding subunits of the 

neuronal nicotinic acetylcholine receptors and, by 
analogy with the muscle nicotinic acetylcholine 
receptor, have called them the alpha subunits. 

The idea that these clones encode receptor 

20 subunits was tested by injecting Xenopus oocytes with 
RNA transcribed from them and assaying the oocytes 
electrophysiologically for the appearance of 
functional acetylcholine receptors. Since, by analogy 
with the muscle nicotinic acetylcholine receptor, it 

25 was expected that a functional neuronal nicotinic 

receptor might require more than one type of subunit, 
a search was made for clones encoding additional 
receptor subunits. The search {see the Experimental 
Procedures section of this experimental section) 

30 yielded clone PCX49, which was placed in plasmid pSP65 
downstream of the SP6 promoter. This construct, along 
with the constructs PCA48E(3) and HYA23-1E(1) used in 
this study, are shown in Figure 12. The protein 
encoded by clone PCX49 shows about 50% sequence 
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homology with nicotinic acetylcholine receptor alpha 
subunits. It also has features common to the alpha 
subunits, such as the four hydrophobic sequences 
proposed to constitute membrane spanning domains. 
5 However, in contrast to the alpha subunits, it lacks 
the cysteines thought to contribute to the 
acetylcholine binding site (Deneris, et al., 1987). 
Because, as described below, the protein encoded by 
clone PCX4 9 acts synergist ically with the neuronal 

10 alpha gene products to form functional nicotinic 

acetylcholine receptors, and because it constitutes a 
second class of neuronal receptor subunits, our group 
has identified it as a beta subunit. By analogy with 
the alpha subunit nomenclature, the gene encoding this 

15 protein is called beta2 . 

RNA corresponding to the alpha3, alpha4, and 
beta2 genes was synthesized and injected it into 
Xenopus oocytes either singularly or in pairwise 
combinations. Injected oocytes were incubated for two 

20 to seven days and those which expressed functional 
nicotinic acetylcholine receptors were identified by 
testing for depolarizations in response to perfused 
acetylcholine. The voltage traces in Figures 13A, 13B 
and 13C (see lines A and B) show that the combination 

25 of the beta2 subunit with either the alpha3 or the 

alpha4 subunits resulted in depolarizing responses to 
acetylcholine. Since a response to acetylcholine in 
oocytes injected only with RNA encoding the beta2 
subunit was never observed, these results show that 

30 both the alpha3 and the alpha4 subunits contribute to 
the formation of a nicotinic cholinergic acetylcholine 
receptor. The idea that the beta2 subunit was 
required for the appearance of a functional receptor 
was tested by injecting oocytes with only the alpha3 
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transcript. A response to acetylcholine in these 
oocytes was never detected. In contrast, cholinergic 
responses in oocytes injected with RNA corresponding 
to the alpha4 gene was found. However, as seen in 
5 Figures 13 A, 13B, and 13 C, line C, these responses are 
weak, even in the presence of high concentrations of 
acetylcholine. The results of these experiments, 
which are summarized in Table 4, show that functional 
acetylcholine receptors can be formed with the beta2 

10 subunit in combination with either the alpha3 or the 
alpha4 subunits. The alpha4 subunit alone will also 
form a functional receptor, but neither the alpha3 nor 
the beta2 subunits alone will do so. 

The receptors constituted from these clones 

15 are cholinergic since they are activated by 

acetylcholine. Our group has also demonstrated that 
they are nicotinic by showing depolarizing responses 
to nicotine (see Figures 13A, 13B and 13C) . However, 
there are nicotinic receptors on both muscle and 

20 neurons and these receptors have different 

pharmacological properties. Our group determined that 
the receptors formed from these clones are of the 
neuronal type by testing their sensitivity to toxins. 
Activation of acetylcholine receptors at the 

25 neuromuscular junction is blocked by the neurotoxin 
a-bungarotoxin, while acetylcholine receptors on PC12 
cells (Patrick and Stallcup, 1977) , rat cervical 
ganglia (Brown and Fumagalli, 1977) , and chick 
sympathetic ganglia (Carbonetto, et al.. 1978) are 

30 resistant to this toxin. The neuronal nicotinic 

acetylcholine receptors on PC12 and ciliary ganglia 
are, however, blocked by toxin 3.1 (Ravdin and Berg, 
1979) , which is a minor component in the venom of 
Bulgarus multicinctus . 
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The sensitivity of the nicotinic 
acetylcholine receptors comprised of the beta2 subunit 
and either the alpha3 or the alpha4 subunits was 
tested for their sensitivity to these toxins. The 
5 voltage traces in Figure 14 (A-D) and the data 

summarized in Table 5 show that receptors formed with 
beta2 and either the alpha3 (lines A and B) or the 
alpha4 (lines C and D) subunits are resistant to a- 
bungarotoxin but are blocked by toxin 3.1. This is in 

10 contrast to the nicotinic receptor derived from clones 
encoding the mouse muscle receptor subunits which is 
blocked by alpha-bungarotoxin under these conditions 
(data not shown) . These results are consistent with 
the observation that the nicotinic receptor on the 

15 PC12 cell line, the source of clones PCX49 (beta2) and 
PCA48 (alpha3) , is resistant to a-bungarotoxin and 
sensitive to toxin 3.1. The results also show that 
these neuronal nicotinic acetylcholine receptors, 
which are expressed in the brain, are resistant to a- 

20 bungarotoxin. 

DISCUSSION 

In previous papers (Boulter, et al., 1986 .and 
Goldman, et al., 1987), and in Experimental Section I, 
our group reported the nucleotide and deduced amino 

25 acid sequence of two cDNA clones that we proposed were 
derived from two members of a family of genes encoding 
the alpha subunits of neuronal nicotinic acetylcholine 
receptors. This proposal was based on two 
observations. First, the proteins encoded by these 

30 clones show considerable homology with the alpha 

subunits of muscle nicotinic acetylcholine receptors, 
including the cysteines (residues 19-2 and 19 3) shown 
to be close to the acetylcholine binding site. 
Second, the genes encoding these proteins are 
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transcribed in parts of the brain known to have 
nicotine binding sites (Clarke, et al„ 1985) . For 
example, the medial habenula contains transcripts for 
both the alpha3 and the alpha4 genes and is known to 
5 have neurons with nicotinic acetylcholine receptors 
(McCormick and Prince, 1987) . In this experimental 
section, our group shows that these clones, which each 
encode alpha subunits will, in combination with the 
beta subunit encoded by clone, PCX49, form functional 

10 nicotinic acetylcholine receptors. Furthermore, it is 
shown that the receptors thus constituted have 
pharmacological characteristics of ganglionic 
nicotinic acetylcholine receptors; they are resistant 
to a-bungarotoxin and sensitive to toxin 3.1. 

15 Other laboratories have begun biochemical 

studies on neuronal nicotinic acetylcholine receptors. 
Hanke and Breer (198 6) find that the locust neuronal 
acetylcholine receptor can be reconstituted from a 
purified protein preparation that forms a single band 

20 on SDS polyacrylamide gel electrophoresis. A clone 
encoding a protein with sequence homology to the rat 
alpha3 subunit but lacking the cysteines 
characteristic of the alpha subunits, and therefore 
similar to the beta2 subunit, has been isolated from a 

25 Drosophilia cDNA library (Hermans-Borgmeyer , et aL, 1986) . 
Whiting and Lindstrom (1987b) identified bands on 
NaDodSoP-4P-/polyacrylamide gels following 
precipitation of brain extracts using anti-nicotinic 
acetylcholine receptor antibodies, and showed that 

30 some of these bands are labeled with the receptor 

affinity labeling reagent MBTA (Whiting and Lindstrom, 
1987) . These bands may correspond to the proteins 
encoded by the clones we have used in these expression 
studies. A chicken gene homologous to the rat alpha3 
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gene has been isolated and -sequenced by Ballivet and 
his co-workers (Nef, et al., 1986). In addition, they 
found a clone fragment encoding a protein that appears 
to be the product of an alpha2 gene (Nef, et al., 1986) . 
5 Our present results show that the neuronal 

nicotinic acetylcholine receptors differ from muscle 
nicotinic receptors in that they can be constituted 
from only two different gene products. In all 
experiments reported to date, nicotinic acetylcholine 

10 receptors have been formed with ap\8 subunits, a/9A 

subunits, apS subunits, or aXS subunits, but not with 
any pairwise combinations (Kurosaki, eta!., 1987). In 
contrast, both the alpha3 and alpha4 neuronal 
receptors can be constituted with only two different 

15 types of polypeptide chains, one derived from the 

specific alpha gene and one derived from a beta gene. 

A functional acetylcholine receptor was not 
detected when only the alpha3 transcript was injected. 
However, addition of beta2 transcripts to alpha3 

20 transcripts results in the appearance of a functional 
neuronal nicotinic acetylcholine receptor. Although 
other explanations are conceivable, the simplest 
interpretation seems to be that the beta2 subunit 
joins the alpha3 subunit in the formation of a 

25 heterooligomer . The experiments described here do not 
directly address the issue of the number of subunits 
that might comprise this heterooligomer. However, the 
single channel conductances of the muscle and neuronal 
(Rang, 1981; and Fenwick, et al., 1982) acetylcholine 

30 receptors suggests that the channels are similar, and 
the homologous hydrophobic domains suggest that both 
receptors are formed by a similar arrangement of 
membrane spanning regions. It is proposed therefore, 
by analogy to the nicotinic acetylcholine receptor of 
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the Torpedo electric organ, that the functional 
neuronal receptor is a pentamer, presumably with two 
alpha chains. 

Although the alpha4 subunit is capable of 
5 forming an acetylcholine receptor with no added 
subunits, it produces a more robust response in 
combination with the beta2 subunit. It is noted that 
only one of the possible alpha4 subunits has been 
tested. At least two different transcripts of the 

10 alpha4 gene are made (Goldman, et al., 1987), presumably 
by alternative splicing, and to date only the alpha4 
product encoded by clone HYA23-1E (1) has been tested. 
The different alpha4 subunits may be functionally 
distinct and interact with as yet undiscovered 

15 subunits. Again, however, it is proposed that the 

alpha4 receptor constituted in the oocyte is a either 
a homooligomer composed of five alpha4 subunits or a 
pentameric heterooligomer composed of alpha4 and beta2 
subunits . 

20 The alpha3 and alpha4 genes are transcribed 

in different parts of the central nervous system, yet 
both the alpha3 and alpha4 subunits interact 
functionally with the beta2 subunit in our assay. 
Since the clone encoding the beta2 subunit, PCX49, and 

25 the clone encoding the alpha3 subunit, PCA48, are both 
derived from PC12 RNA, the cell must make these two 
transcripts. Therefore, there is clear opportunity 
for these proteins to assemble into a nicotinic 
receptor in vivo in this cell line. It is not known if 

30 the beta2 gene is transcribed in a cell that also 

contains alpha4 transcripts. However, since our group 
has shown that both the alpha3 and alpha4 receptors 
can be constituted with the beta2 subunit to form a 
functional neuronal nicotinic acetylcholine receptor, 
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it is possible that different regions in the brain 
synthesize receptors with different alpha subunits and 
share the beta2 subunit. Since the alpha3 and the 
alpha4 subunits differ in their cytoplasmic domains, 
5 they may contribute, in different parts of the brain, 
different regulatory capacities to receptors 
containing the beta2 subunit. Alternatively, 
additional as yet unidentified subunits may exist. 
SUMMARY 

10 A family of genes coding for proteins 

homologous to the muscle nicotinic acetylcholine 
receptor alpha subunit has been identified in the rat 
genome. These genes are transcribed in the central 
and peripheral nervous systems in areas known to 

15 contain functional nicotinic receptors. In this 

experimental section, we have demonstrated that at 
least three of these genes, alpha3 , alpha4 and beta2 , 
encode proteins which will form functional nicotinic 
acetylcholine receptors when expressed in Xenopus 

20 oocytes. Oocytes expressing either alpha3 or alpha4 
protein in combination with the beta2 protein produced 
a strong response to acetylcholine. Oocytes 
expressing only the alpha4 protein gave a weak 
response to acetylcholine. These receptors are 

25 activated by acetylcholine and nicotine and are 
blocked by toxin 3.1. They are not blocked by a- 
bungarotoxin which blocks the muscle nicotinic 
acetylcholine receptor. Thus, the receptors formed by 
the alpha3 , alpha4 , and beta2 subunits are 

30 pharmacologically similar to the ganglionic type 
neuronal nicotinic acetylcholine receptor. These 
results demonstrate that -the alpha3 , alpha4 and beta2 
genes code for functional nicotinic acetylcholine 
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receptor subunits which are expressed in the brain and 
peripheral nervous systems. 

EXPERIMENTAL PROCEDURES 
Isolation of Clone Bl PCX49 
5 Poly (A) + RNA was isolated from adult rat 

hypothalamus and used as template for the synthesis of 
double stranded cDNA (dscDNA) using the method of 
Gubler and Hoffman (198 3) . The dscDNA was ligated 
into the EcoRI site of AgtlO. Approximately 5 x 10 s 

10 plaques were screened at low stringency using a 
radiolabeled probe prepared from clone A PCA4 8 
(encoding the rat alpha3 gene product) . One 
hybridizing clone, AHYA5-1, contained an insert of 
approximately 1300 base pairs which showed nucleotide 

15 and deduced amino acid homology with clone APCA4 8; 

however, alignment of the deduced amino acid sequence 
with the APCA48 encoded protein suggested that clone 
AHYA5-1 was not full-length. The cDNA insert from 
AHYA5-1 was isolated, radiolabeled and used for high 

20 stringency screening of l x 10 6 plaques of a AgtlO 

cDNA library prepared using polyA + RNA obtained from 
the rat pheochromocytoma cell line PC12 (Green and 
Tischler, 197 6) . Approximately 50 strongly 
hybridizing plaques were obtained. One clone, APCX49, 

^ containing a cDNA insert of approximately 2200 base 
pairs, was shown to be identical to clone AHYA5-1 
while extending its nucleotide sequence in both the 
5'- and 3'- direction (Deneris, et al., 1987). The cDNA 
insert from clone APCX4 9 was ligated into the EcoRX 

30 

site of the plasmid vector pSP65 immediately 
downstream of the bacteriophage SP6 promoter. This 
construct is shown in Figure 12. 
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Construction of Expressible Clone PCA48E ( 3 ) 
Clone APCA48, as described (Boulter, et al., 
198 6) , has an inverted repeat sequence located at its 
5' -end that contains ATG sequences coding for 
5 methionine residues which are not in the same reading 
frame as the mature protein. Since these sequences 
might generate inappropriate translation start sites, 
we cut the APCA48 cDNA insert at the 5'- 55/1 site 
(nucleotide 147) , removed the 4 base overhang with 

10 mung bean nuclease, digested the DNA with EcoRX and 

purified the resulting blunt-ended EcoRI fragment on a 
low melting point agarose gel. This fragment, 
containing 76 nucleotides of 5 1 -untranslated sequence, 
a complete signal peptide and the entire mature 

15 protein, was subcloned between the SmaX and EcoRI 
sites of the plasmid vector pSP64. The construct, 
PCA48E(3), is shown in Figure 12. 

Construction of Expressible Clone HYA23-1E(1) 

Clone AHYA23-1 (corresponding to the alpha4 . 1 

20 gene transcript) lacks a translation initiator 

methionine codon at the 5'- end of the protein coding 
region (Goldman, et al., 1987) . To render it suitable 
for expression studies, two complementary 
oligonucleotides ( 5 ' -AATTGGCCATGGTGA -3' and 5'- 

25 AGCTTCACCATGGCC -3 • ) were synthesized which, when 

annealed, form a linker with an EcoRI compatible end, 
a HindXXX compatible end as well as an internal ATG 
codon. Sequences flanking the ATG codon conform to 
the eukaryotic translation initiation consensus 

30 sequence (Kozak, 1981) . The annealed oligonucleotides 
were ligated to the full-length EcoRI fragment 
obtained from clone AHYA2 3-1, digested with Hindlll 
and subcloned into the HindXXX site of the plasmid 
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vector pSP64. The construct, HYA23-1E(1), is shown in 
Figure 12. 

In Vitro Synthesis of RNA for Oocyte Injections 

Plasmid DNA for each construct illustrated in 
5 Figure 11 was linearized with restriction enzymes 

which cleave at the 3'- end of each clone. These DNAs 
were used as template for the in vitro synthesis of 
diguanosine triphosphate capped RNA transcripts using 
bacteriophage SP6 RNA polymerase (Melton, et al., 1984). 

10 Xenopus laevis Oocyte Injections 

Oocytes were removed from anesthetized, 
mature female Xenopus laevis (Xenopus I, Madison, WI) and 
treated with 1 mg per ml collagenase type II (Sigma 
Chemical Co., St Louis, MO) for two hours at room 

15 temperature. The oocytes were dissected free of 

ovarian epithelium and follicle cells, injected with 
in vitro synthesized RNAs (0.5 to 5 ng per oocyte) in a 
total volume of 50 nl of H 2 0, and incubated in Barth's 
saline (Coleman, 1984) at 20 "C until needed. 

20 El ectrophy s iol ogy 

Individual oocytes were placed in a groove in 
the base of a narrow perspex chamber (0.5 ml volume) 
through which solutions can be perfused at up to 40 
ml/min. Drugs were applied by adding them to the 

25 perfusing solution and subsequently washing them out 
with control solution. Control solution contained 115 
mM NaCl, 1.8 mM CaCl 2 , 2.5 iH KC1 , 10 mM HEPES (pH 
7.2) and 1 M atropine. Voltage recordings were made 
using the bridge circuit of the Dagan 8500 voltage 

30 clamp unit. For these experiments, micropipettes were 
filled with 3M KC1 . Electrophysiological recordings 
were made at room temperature (20°-25"C) 2-7 days 
after injection of the oocytes. Bovine serum albumin 
(0.1 mg/ml) was added to test solutions to prevent 
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nonspecific binding of toxins. Oocytes with resting 
potentials of less than -3 0 mV were rejected from . 
these studies. 

FIGURE LEGENDS 
5 Experimental Section III 

Figure 11. Comparison of amino acid 
sequences of the mouse muscle (alphal) and two 
neuronal (alpha3 and alpha4) nicotinic acetylcholine 
receptor alpha subunits. The two asterisks indicate 

10 the cysteine residues at positions 192 and 193 that 
are thought to be close to the acetylcholine binding 
site. The molecular weights of the unglycosylated 
mature alphal, alpha3, and alpha4 subunits are 55,085, 
54,723, and 67,124. 

15 Figure 12. Restriction maps of the 

expressible cDNA clones encoding neuronal alpha 
subunits derived from the alpha3 gene (PCA48E3) and 
the alpha4 gene (HYA23-1 (E) 1) and the clone PCX49 
derived from the beta2 gene. These clones were 

20 constructed as described in the Experimental 

Procedures section of this experimental section. SP6 
refers to the SP6 promoter and the hatched areas 
indicate the pSP64 multiple cloning site. 

Figure 13 (A, B & C) . This figure shows 

25 voltage traces obtained from 5 different Xenopus 

oocytes injected with RNA derived from the neuronal 
alpha and beta genes. The RNA combinations injected 
are shown on the left and representative responses to 
applied acetylcholine and nicotine are shown on the 

30 right. RNA and oocytes were prepared and injected as 
described in the Experimental Procedures section of 
this experimental section; recordings were made two 
to seven days after oocyte injection. 
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Figure 14 (A, B, c & D) . This figure shows 
the effect of two different neurotoxins on the 
activation by acetylcholine of two neuronal nicotinic 
acetylcholine receptor subtypes. The voltage tracing 
5 on the left shows the response before application of 
the toxin and the voltage tracing on the right shows 
the response following a brief washing and a 30 minute 
incubation in the indicated concentrations of the two 
toxins. 

10 

Table 4. Requirements for functional expression 



20 





No. of 


No. of oocytes 


RNA injected 


oocytes tested 


positive 


alpha3 


30 


0 


alpha4 


30 


10 


beta2 


21 


0 


alpha3 + beta2 


50 


46 


alpha4 + beta2 


49 


48 


No injection 


21 


0 


Sham injection 


21 


0 



25 Two to seven days after injection with RNA, oocytes were 
tested for responses to acetylcholine. Each test 
included a maximal concentration of ImM acetylcholine. 
Detection of a reproducible depolarization greater than a 
noise level of +lmV was considered to be a positive 

30 response. These data represent the results of 

experiments conducted over a period of 4 months with more 
than six different lots of RNA for the injections. 
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EXPERIMENTAL SECTION IV 
ISOLATION AND FUNCTIONAL EXPRESSION OF A GENE AND 
CDNA ENCODING THE ALPHA2 SUBUNIT OF A RAT 
NEURONAL NICOTINIC ACETYLCHOLINE RECEPTOR 
5 INTRODUCTION 

A new type of agonist-binding subunit of rat 
neuronal nicotinic acetylcholine receptors (nAChRs) 
has been identified and characterized. Rat genomic 
DNA and cDNA encoding this subunit (alpha2) were 
10 cloned and analyzed. cDNA expression studies in 

Xenopus oocytes revealed that the injection of alpha2 
and beta2 (a neuronal nAChR subunit) mRNAs lead to the 
generation of a functional nAChR. In contrast to the 
other known neuronal nAChRs, the receptor produced by 
15 the injection of alpha2 and beta2 mRNAs was resistant 
to an alpha-neurotoxin, Bgt3.1. In situ hybridization 
histochemistry showed that alpha2 mRNA was expressed 
in a small number of regions, in contrast to the wide 
distribution of the other known agonist-binding 
20 subunits (alpha3 and alpha4) mRNAs. These results 

demonstrate that the alpha2 subunit differs from other 
known agonist-binding alpha-subunits of nAchRs in its 
distribution in the brain and in its pharmacology. 
RESULTS AND DISCUSSION 
25 Recent studies have demonstrated that there 

is a family of genes encoding functional subunits of 
rat neuronal nicotinic acetylcholine receptors 
(nAChRs) (Boulter, et al., 1986; Goldman, et al., 1987; 
Boulter, et al., 1987; Deneris, et al., 1988). The first 
30 three genes to be identified have been designated 

alpha3 , alpha4 and beta2 . The alpha3 and alpha4 genes 
have been proposed to encode agonist-binding subunits 
(Boulter, et al., 1986; Goldman, et al., 1987; Boulter, et al., 
1987) which, in combination with the beta2 gene 



product, will form a functional neuronal nAChR in 
Xenopus oocytes (Boulter, et al., 1987) . In addition, our 
previous study (Nef , et al., 1986) a genomic fragment was 
isolated that suggested the existence of another gene, 
5 alpha2 . Our group has now isolated rat genomic and 
cDNA clones encoding the entire alpha2 gene product. 
The deduced amino acid sequence is homologous to the 
alpha3 and alpha4 proteins. cDNA expression studies 
in Xenopus oocytes reveal that the injection of alpha2 

10 and beta 2 mRNAs leads to the generation of a 

functional neuronal nAChR. In contrast to neuronal 
nAChRs produced by the injection of beta2 and either 
alpha3 or alpha4 mRNAs (Boulter, et al., 1987) , the 
receptor formed from the expression of alpha2 and 

15 beta2 proteins is resistant to the alpha-neurotoxin, 
Bgt3.1 (Ravdin, et al., 1979). In situ hybridization 
histochemistry shows that the overall pattern of the 
expression of alpha2 transcripts is different from 
that of alpha3 and alpha4 transcripts. These results 

20 demonstrate that the alpha2 gene codes for a 

functional neuronal nAChR alpha-subunit (putative 
agonist-binding subunit) with features distinct from 
other proposed agonist-binding subunits. 

Rat genomic DNA and brain cDNA libraries were 

25 screened according to the strategy described in the 

legend of Figures 15A, 15B and 15C (parts 1-3). Among 
several isolated clones, two genomic clones (R12 and 
R31, see Fig. 15A) and four cDNA clones (HYP16 , C22, 
C183 and C244, see Fig. 15B) were studied further. 

30 Sequence analysis of these clones has revealed that 

the protein-coding sequence of the rat alpha2 gene is 
composed of 6 exons extending over 9 kb of genomic DNA 
(Fig. 15A and 15C (parts 1-3)). The assigned exon- 
intron boundaries are compatible with the GT/AG rule 
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(Breathnach, eta!., 1978). The primary structure of the 
alpha? protein was determined using an oen reading 
frame corresponding to the known sequences of muscle 
and neuronal nAChR subunits (Boulter, et al.. 1986; 
5 Goldman, et al., 1987; Boulter, et al., 1985). See Figure 
15C (parts 1-3) . The sequence around the predicted 
initiator methionine codon (ATG) agrees with the 
consensus sequence described by Kozak (1984) . 

The alignment of the sequence of each cDNA 

10 clone with the genomic DNA indicates that, among the 
four cDNA clones, only the HYP16 clone contains an 
open reading frame for the entire alpha2 protein. 
Clones C183 and C244 lack exons 2 and 3 and a 5' part 
of exon 5 is deleted in C244. The deletions of exon 2 

15 and 3 shift the reading-frame and would result in the 
termination of translation before the appropriate C- 
terminal residue. It is likely that the deletions in 
the two clones represent splicing errors. A similar 
case was reported elsewhere (Bell, et al., 1986). 

20 However, a recent study (Breitbart, et al.. 1987) has 
raised the possibility that alternative splicing 
resulting in the failure of the synthesis of a protein 
may be a mechanism for the regulation of gene 
expression. Clones C183 and C2 44 may be examples of 

2 5 this phenomenon. Restriction enzyme mapping, SI 

nuclease protection mapping and partial sequencing 
(data not shown) indicated that regions of these 
clones 3 ' to the deleted exons are identical to the 
homologous region of the full length clone HYP16. 

30 The deduced amino acid sequence shows that 

the alpha2 protein is composed of 511 amino acids. 
The amino terminus of the mature protein was predicted 
by the method of von Heijne (1986). The proposed 
mature alpha2 protein is preceded by a leader sequence 
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of 27 residues and is composed of 484 amino acid 
residues with a calculated molecular weight of 55,480 
daltons. 

Several common structural features found in 
5 all known nAChR subunits (Boulter, et al., 1986; Goldman, 
et al., 1987; for a review, see Stroud and Finer-Moore, 
1985, and Heinemann, et al., 1986; also see Takai, et al., 
1985 and Hermans-Borgmeyer , et al., 1986) are conserved 
in alpha2 . Some of these features are also found in 

10 glycine and GABA receptor subunits (Grenningloh , et aL, 
1987; Schofield, et al., 1987), and are presumed to be 
important for the function of ligand-gated ion 
channels. These conserved features are: first, 
cysteine residues aligned at residues 13 3 and 147 

15 (alpha2 protein numbering, analogous to the cysteine 
residues at 128 and 142 in Torpedo receptor subunits) ; 
second, four hydrophobic putative membrane-spanning 
segments (M1-M4) ; third, a proline residue in the Ml 
segment, which has been proposed to introduce 

20 structural flexibility for the control of the channel 
lumen (Brandl and Dweber, 198 6) ; and fourth, an 
abundance of uncharged polar amino acid residues in 
the M2 segment which may form a hydrophilic inner wall 
for ion-transport (Hucho, et al., 1986; Giraudat, et al., 

25 1987; Imoto, et al., 1986). 

The alpha2 protein has a higher amino acid 
sequence identity with the alpha3- and alpha4 proteins 
(57% and 67%, respectively, see Fig. 16) than with 
beta2 (48%) or alphal (49%) proteins. Two contiguous 

30 cysteine residues align at 197 and 198 in the alpha2 
protein. The equivalent residues are found in Torpedo 
(Stroud and Finer-Moore, 1985) and muscle (Heinemann, 
et al.. 1986) nAChR agonist-binding alpha subunits and in 
the proposed agonist-binding subunits of neuronal 
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nAChR receptors (Boulter, et al., 1986; Goldman, et al., 
1987; Nef, et al., 1986) including a Drosophilia receptor 
subunit (Ballivet, et al„ In Preparation). These 
residues have been shown to be close to the 
acetylcholine (ACh) binding site in Torpedo nAChRs 
(Kao, et al., 1984). In addition, the alpha2 protein has 
three potential N-linked glycosylation sites at 
residues 29, 79 and 185. The first site is conserved 
in all known neuronal subunits (Boulter, et al., 1986; 
Goldman, et al.. 1987; Deneris, et al., 1988; Hermans- 
Borgmeyer, et al., 1986; and Ballivet, et al., In 
Preparation) . This site is not found in muscle or 
electric organ nAChR subunits. All known subunits of 
nAChRs, except for the subunits of Drosophilia receptor, 
have a potential glycosylation site at Asnl46 (alpha2 
protein numbering) . However, the equivalent residue 
of the alpha2 protein is probably not glycosylated 
because the residue does not lie in a glycosylation 
consensus sequence (Marshall, 1974) . 

The sequence similarity and the existence of 
common structural features suggest that the alpha2 
gene is a member of the neuronal nAChR gene family. 
The presence of the two contiguous cysteine residues 
at 197 and 198 further suggest that the alpha2 protein 
is an agonist-binding subunit. These inferences are 
supported by cDNA expression studies in Xenopus 
oocytes. . mRNA transcribed from HYP16 cDNA clone {see 
Fig. 15B) was injected into oocytes in combination 
with beta2 mRNA derived from the cDNA clone, PCX4 9 
(Boulter, et al.. 1987; Deneris, et al., 1988). mRNA 
transcribed from HYP16 cDNA clone {see Fig. 15B) was 
injected into oocytes in combination with the cDNA 
clone, PCX49. The PCX49 clone is derived from the 
beta2 gene and is believed to encode a non-agonist- 
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binding subunit. (Boulter, et aL, 1987; Deneris, et al.. 
1988) . Depolarizing responses were recorded to 
perfused ACh (1-10 /iM) in all oocytes injected with a 
mixture of alpha2 and beta2 mRNAs (n=25) . The 
5 responses could be blocked by d-tubocurarine and 

hexamethonium but not by alpha-bungarotoxin (Table 6) . 
Nicotine (10 pM) also elicited a depolarizing response 
(data not shown) . These are the properties expected 
of ganglionic nAChRs (Patrick and Stallcup, 1977; 

10 Carbonetto, et aL, 1978) . We tested whether oocytes 
injected with either alpha2 (n=22) or beta2 (n=21) 
mRNA alone would produce a depolarizing response to 
ACh. In experiments which included a maximum 
application of 1 mM ACh, no responses were found. 

15 These results show that neither alpha2 nor beta2 

subunit alone will form a functional receptor but that 
co-injection of the RNAs results in formation of a 
functional neuronal nAChR. 

Interestingly, the a-neurotoxin Bgt3 . 1 failed 

20 to substantially block the receptor produced by the 

injection of alpha2 and beta2 mRNAs (Table 6). Bgt3 . 1 
has been shown to block the neuronal nAChRs in ganglia 
(Ravdin and Berg, 1979) and the adrenal medulla 
(Higgins and Berg, 1987) . The receptors formed in 

25 oocytes after the injection of beta2 and either alpha3 
or alpha4 mRNAs were sensitive to this toxin (Boulter, 
et aL. 1987). This result demonstrates that the 
alpha2-type receptor is pharmacologically distinct 
from all other nAChRs characterized to date (Boulter, 

30 et al., 1987 ; Mishina, et aL, 1984; Mishina, et aL, 1986). 
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In situ hybridization histochemistry on rat 
brain sections shows that the pattern of distribution 
of the alpha2 transcripts is distinct from that of the 
alpha3 and alpha4 transcripts, although there are some 
5 areas of overlap. Only weak signals for alpha2 are 
detected in the diencephalon, whereas alpha3 and 
alpha4 transcripts are strongly expressed in the 
diencephalon, particularly in the thalamus (Fig. 17A; 
also see Goldman, et al., 1986, and Goldman, et al., 1987). 

10 The most intense signal for alpha2 is detected in the 
interpeduncular nucleus (Fig. 17B) . These and 
previous observations (Boulter, et al., 1986; Goldman, et 
al., 1986; Goldman, et at.. 1987) suggest that the alpha2 , 
alpha3 and alpha4 each code for three different 

15 receptor systems. 

The studies presented in this section, and in 
Experimental Sections II, III, V and VI, show that 
functional neuronal nAChRs are formed in oocytes after 
the injection of beta2 or beta4 and either alpha2, 

20 alpha3 or alpha4 mRNAs. Although this fact does not 
address the issue of the subunit composition of 
neuronal nAChRs in vivo, a recent study (Whiting and 
Lindstrom, 1987a; Whiting and Lindstrom, 1987b) is 
consistent with and therefore provides support for the 

25 idea that two types of subunits are sufficient in vivo. 
In that study, one of the neuronal nAChRs has been 
purified from rat brain and suggested to be composed 
of two subunits. Furthermore, based upon the 
stoichiometry of Torpedo electric organ receptor, we 

30 predict that the neuronal receptor is a pentameric 
structure. 
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Detailed studies of in situ hybridization 
histochemistry (Wada, et al.. 1988) show that alpha2 , 
alpha3 and alpha4 transcripts are co-expressed with 
beta2 transcripts (Deneris, et al., 1988) in many brain 
5 regions. This result suggests that the functional 

combinations observed in oocytes may also occur in vivo. 
However, the studies also show that in some regions, 
beta2 and alpha2, alpha3 and alpha4 , transcripts are 
not co-expressed. This observation suggests the 
10 existence of other alpha-type and beta-type 

subunit(s) . It would seem, therefore, that there may 
be more than three distinct populations of neuronal 
nAChRs . 

SUMMARY 

15 Our evidence indicates that the alpha2 gene 

product functions as a neuronal nAChR subunit with 
pharmacological features different from the alpha3 and 
alpha4 subunits and that the alpha2-type receptor is 
different from any neuronal nAChRs studied to date. 

20 FIGURE LEGENDS 

Experimental Section IV 
Figures 15 (A, B & C (parts 1-3) . 
Restriction enzyme maps of rat genomic DNA (A) and 
cDNA (B) encoding the alpha2 protein and nucleotide 

25 sequences of the genomic DNA with the deduced amino 
acid sequence (C) . In (A) , the locations of exons 
comprising the protein-coding sequence are indicated 
by numbered boxes. A closed box represents the 
protein-coding sequence. In (B) , the protein-coding 

30 sequence is indicated by the closed box. The deleted 
sequences in clones C183 and C244 are indicated by 
broken lines. C183 and C244 clones lack exons 2 and 
3. A part of exon 5 (nucleotides 300 to about 432) is 
also deleted in the C244 clone. In (C) , the 5» 
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nucleotide sequences (-386 to about 393) are derived 
from the HYP16 cDNA clone. Sequences extending to the 
5 1 and 3 ' end of the HYP16 cDNA sequence are not 
shown. Lower-case nucleotide symbols indicate 
5 acceptor and donor sites of intron sequences. The 
nucleotides are numbered starting with the first 
nucleotide in the codon corresponding to the proposed 
amino terminus of the mature alpha2 protein. The 
deduced amino acid sequences are numbered starting 

10 with the amino terminus of the mature protein. 

Nucleotides and amino acids on the 5' side of residue 
1 are indicated with negative numbers. The amino 
terminus of the mature alpha2 protein was predicted by 
the method of von Heijne (1986) . 

15 Figure 15 A, B, c (Parts 1-3) Methods. An 

EMBL3 phage library (1.5 x 10 6 recombinants) of rat 
genomic DNA (Sierra, et al., 1986) was screened with a 
fragment of previously cloned avian alpha2 genomic DNA 
(Nef, et al., 1986; Ballivet, et al.. In Preparation). A 

20 fragment (approximately 300 bp) encoding a part of 5' 
extracellular region of avian alpha2 protein was 
labeled by nick-translation (Rigby, et al., 1977). 
Hybridization and washing of filters were carried out 
in 5 x SSPE at 55°C. Ten clones were isolated and two 

25 of them (R12 and R31) were analyzed in detail. 

Fragments of the R12 and R31 inserts were subcloned 
into pUC 8 vectors and sequenced by the chemical 
method (Maxam and Gilbert, 1977) . Rat brain cDNA 
libraries were constructed in AgtlO vector (Huynn, et 

30 al., 1985) by using poly (A) + RNA isolated from 

cerebellum, hypothalamus and hippocampus regions. 
Precise methods for constructing the libraries were 
described previously (Boulter, et al., 1986; Goldman, et 
al.. 1987) . Initial clones were isolated by probing 
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with a nick-translated cDNA (approximately 194 0 bp) 
coding for the rat alpha4 protein (Goldman, et al., 
1987) . The initial cDNA clones were then used to 
isolate longer cDNA clones. Hybridization and washing 
5 of filters were carried out in 5 x SSC or 5 x SSPE at 
65 "C. From a total of 6 x 10 6 phages, six positive 
clones were isolated. Four of the isolated clones 
(C22, C183, C244 and HYP16) were analyzed in detail. 
The cDNAs were subcloned into M13 derivatives 

10 (Messing, et al., 1977) and sequenced by the chain 
termination method (Sanger, et al., 1977) . 

Figure 16. Alignment of the amino acid 
sequences of mouse muscle alpha subunit (alphal) 
(Boulter, et al., 1985) and rat neuronal alpha subunits 

15 (alpha2, alpha3 and alpha4) (alpha2 and alpha3 : 
Boulter, et al., 1986; alpha4: Goldman, et al., 1987). 
Amino acids conserved in all four alpha subunits are 
shown on a black background. The two cysteine 
residues that are thought to be close to the 

20 acetylcholine binding site (Kao, et al., 1984) are 

indicated by asterisks. Signal peptide, putative 
membrane-spanning and cytoplasmic regions and the 
proposed amphipathic helix (Guy and Hucho, 1987) are 
indicated below the aligned sequences. The mature 

25 alpha2 protein has 49, 57 and 67% amino acid sequence 
identity with the mature alphal, alpha3 and alpha4 
proteins, respectively. The percentages of sequence 
identity were calculated by dividing the number of 
identical residues by the number of residues in the 

30 shorter of the two compared sequences. 
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Figure 17 (A & B) . Comparison of the 
distribution of alpha2 , alpha3 and alpha4 transcripts 
by in situ hybridization histochemistry. Serial coronal 
sections through the medial habenula (A) and the 
5 interpeduncular nucleus (B) were hybridized with the 
probes for alpha2, alpha3 and alpha4. In (B) , slides 
contain sections of the trigeminal ganglion. 
Abbreviations: C, cortex; IPN, interpeduncular 
nucleus; MH, medial habenula; MG, medial geniculate 

10 nucleus; T, thalamus. 

Figure 17 (A & B) Methods. Tissue 
preparation and hybridization were performed as 
previously described (Goldman, eta!., 1987; Goldman, et 
a!., 1986; Cox, et al., 1984; Swanson, et al., 1983a), with 

15 minor modifications. Briefly, rats were perfused with 
4% paraformaldehyde/0. 1 M acetate buffer, pH 6, 
followed by 4% paraformaldehyde/0.05% 
glutaraldehyde/O . 1 M sodium borate buffer, pH 9.5. 
Brains were post fixed overnight at 4*C. in the second 

20 fixative including 10% sucrose but not glutaraldehyde . 
Brain sections (25 £im) were mounted on poly-L-lysine- 
coated slides, digested with proteinase K (10 yug/ml , 
37° C. , 3 0 minutes), acetylated, and dehydrated. 
Hybridization with 35 S-radiolabeled RNA probe (5-10 x 

25 10 6 cpm/ml) was performed at 55° C. for 12-18 hrs in a 
solution containing 50% formamide, 0.3 M NaCl, 10 mM 
Tris (pH 8.0), 1 mM EDTA, 0.05% tRNA, 10 mM DTT, lx 
Denhardt's solution and 10% dextran sulfate. Because 
of the high sequence similarities in the protein 

30 coding regions of the cDNAs, 3* untranslated sequences 
were used to make probes. The EcoRl/3 ' end, Sa/I/3' 
end and Bgll/3' end fragments derived from C183 (Fig. 
15B) , PCA48 (Boulter, et al.. 1986) and alpha4 . 2 
(Boulter, et a!., 1986) cDNA clones, respectively, were 
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subcloned into the plasmid, pSP65 and used to 
synthesize antisense RNA probes in vitro (Melton, et aL, 
1984) . After hybridization, sections were treated 
with RNaseA (2 0 jig/ml, 37 °C, 3 0 minutes) and washed in 
5 0.1 x SSC at 55 °C. Dehydrated slides were exposed to 
X-ray films for 3-16 days at 4'C. A RNA probe coding 
the sense strand of C18 3 clone was used as a control. 
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EXPERIMENTAL SECTION V 
BETA3: A NEW MEMBER OF THE NICOTINIC ACETYLCHOLINE 
RECEPTOR GENE FAMILY IS EXPRESSED IN THE BRAIN 
SUMMARY 

5 Screening of a rat brain cDNA library with a 

radiolabeled probe made from an alpha3 cDNA (Boulter, 
et al., 1986) resulted in the isolation of a clone whose 
sequence encodes a protein, beta3 , which is homologous 
(40-55% amino acid sequence identity) to previously 

10 described neuronal nicotinic acetylcholine receptor 

subunits. The encoded protein has structural features 
found in other nicotinic acetylcholine receptor 
(nAchR) subunits. Two cysteine residues that 
correspond to cysteines 128 and 142 of the Torpedo 

15 nAchR alpha subunit are present in beta3 . Absent from 
beta3 are two adjacent cysteine residues that 
correspond to cysteines 192 and 193 of the Torpedo 
alpha subunit. In situ hybridization histochemistry, 
performed using probes derived from beta3 cDNAs , 

20 demonstrated that the beta3 gene is expressed in the 
brain. Thus, beta3 is the fifth member of the nAchR 
gene family that is expressed in the brain. The 
pattern of beta3 gene expression partially overlaps 
with that of the neuronal nAchR subunit genes alpha3 , 

25 alpha4, or beta2 . These results lead our group to 

propose that the beta3 gene encodes a neuronal nAchR 
subunit. 

Electrophysiological studies indicate that 
acetylcholine functions as a neurotransmitter in many 
30 regions of the mammalian central nervous system 

(reviewed in Clark, 1988) . Acetylcholine activates 
two structurally distinct classes of cell surface 
receptors: those activated by the mushroom alkaloid 
muscarine and those activated by the tobacco alkaloid 
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nicotine. Transduction of the signal elicited by the 
binding of the acetylcholine to muscarine receptors is 
mediated by the activation of GTFI-binding (G) 
proteins, which in turn leads to the modulation of 

5 various effector proteins. Nicotinic acetylcholine 
receptors (nAchRs) , in contrast, form cation-channels 
in the membrane of nerve or muscle in response to the 
binding of acetylcholine (for review see Popot, 1984) . 

An investigation concerning the diversity of 

10 subtypes, structure, and location of nAchRs in the 

mammalian brain has been pursued using the techniques 
of molecular genetics (Boulter, et al., 1986, Goldman, et 
al., 1987; Deneris, et al., 1988; and Wada, et al., 1988). 
This approach has resulted in the identification of 

15 four genes encoding different subunits, alpha2, 
alpha3 , alpha4 , and beta2 of nAchRs. Functional 
expression studies performed in Xenopus laevis oocytes 
have demonstrated that three different receptors can 
be formed by combining beta2 subunits, in pairwise 

20 combination, with each of the alpha subunits (Boulter, 
et al., 1987). In situ hybridization analysis has shown 
that beta2 transcripts co-localize with the alpha 
subunit transcripts in several regions of the brain. 
This is consistent with the idea that the beta2 

25 subunit contributes to the formation of some neuronal 
nAChRs by combining with either the alpha2 , alpha3 , or 
alpha4 subunits (Deneris, et al., 1988) . 

In situ hybridization analysis has also 
revealed that in some regions of the brain alpha 

30 transcripts, but not beta2 transcripts, can be 

detected. Conversely, in certain regions of the 
brain, beta2 transcripts can be detected but the alpha 
subunit transcripts are undetectable. These data 
suggest that other receptor subunits exist. Because 
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of an interest determining the extent of this gene 
family, brain cDNA libraries were screened with probes 
made from the available neuronal nAChR cDNAs. 
Described in this experimental section is the 
5 isolation of a cDNA clone that defines another new 
member of the nAChR gene family. 

EXPERIMENTAL PROCEDURES 
Screening of a Rat Brain cDNA Library 
The construction of a brain cDNA library in 

10 which the cDNA was prepared with RNA obtained from the 
diencephalon of the rat and cloned into the EcoRl site 
of AgtlO has been described previously (Goldman, et al., 
1987). Recombinants were screened with a [ 32 P]-dCTP 
nick-translated PCA4 8 cDNA encoding the alpha3 gene 

15 product (Boulter, et al., 198 6) . Filter hybridization 
was performed overnight in 5xSSPE (lxSSPE is 180mM 
NaCl, 9mM Na2HP04 , 0 . 9mM NaH2P04 and ImM EDTA, pH 
7.4), 1% SDS, IX Denhardt's solution (IX Denhardt's 
solution is 0.02% (w/v) each ficoll, 

20 polyvinylpyrrolidone, and bovine serum albumin) at 65° 
C. The next day filters were washed twice at room 
temperature for 30 min in 2x SSC (lxSSC is 150mM NaCl 
and 15mM sodium citrate, pH 7.0) and once at 65° C for 
1 hr in 0.2x SSC and 1% SDS. Hybridizing phage were 

25 then purified. 

Nucleotide Sequence Determination and Analysis 
The cDNA inserts of purified AgtlO clones 
were subcloned into the EcoRI site of M13mpl8. 
Nucleotide sequence analyses of some of the cDNA 

30 clones described herein revealed an internal EcoRI 
site at nucleotide position 73 {see Results and 
Discussion section of this experimental section and 
Figure 19) . Because the cDNA was ligated into the 
£coRI cloning site of AgtlO, nucleotide sequencing of 
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some cDNA inserts required the subcloning of two 
fragments from each primary clone into M13mpl8 . A 
nested set of overlapping M13 subclones was generated 
by the method of Dale, et al., (1985) and each was 
5 sequenced by the chain termination method of Sanger, 
et al., (1977) . Deduced amino acid sequences were 
aligned and the percent sequence identity calculated 
by dividing the number of identical residues by the 
number of residues in the shorter of two subunits 

10 being compared. 

Construction of Expression Clone pESD76 

The following procedure was used to obtain a 
cDNA clone suitable for in vitro expression studies. An 
EcoRX partial digest was carried out with DNA isolated 

15 from clone AESD-7 (see Figure 18A) . The sample was 

electrophoresed in an 0.8% low melting point agarose 
gel and the 2100 base pair partial EcoRI fragment 
containing the presumed protein coding region of 
AESD-7 was isolated and subcloned into the £coRI site 

20 of plasmid vector pSP65. One such clone, pESD77, had 
the partial EcoRI fragment oriented with the amino 
terminus of the encoded protein distal to the SP6 
polymerase promoter. Complete nucleotide sequencing 
data subsequently revealed that the parental clone 

25 AESD-7 contained what appeared to be a single base 
pair deletion at nucleotide position 646 (Figure 19) 
which resulted in a truncated reading frame. 
Therefore, additional cDNA clones were isolated and 
sequenced (see Results and Discussion section of this 

30 experimental section) . From approximately 7 x 10 6 

plaques screened, three clones were isolated (Figure 
18A) . The nucleotide sequence through the region that 
contained the frameshift in AESD-7 was determined for 
AHYP504 and AHYP630. Both of these clones contained 
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an additional thymidine residue at nucleotide position 
64 6 and maintained an extended open reading frame. 
However, none of these clones contained the entire 
coding region present in AESD-7 (see Figure 18A) . To 
5 generate a full length clone without the truncated 
reading frame, clone pESD77 was cleaved with BamRl. 
The 5* fragment from the BamUl site in the pSP65 
multiple cloning site to the nucleotide at position 
442 was isolated after electrophoresis in low melting 

10 point agarose. This BamHX fragment was ligated to the 
3*- BamKI-EcoRl fragment obtained from AHYP504 and 
subcloned into a BamHI-EcoRX cleaved pSP64 vector. 
One such subclone, pESD7 6 (Figure 18B) , contained the 
complete coding region present in AESD-7 but without a 

15 reading frameshift. 

In situ Hybridization 
Antisense [ 35 S] -UTP-labeled RNA probes were 
synthesized in vitro from pESD77 and used to map the 
distribution of transcripts corresponding to AESD-7 in 

20 the rat brain. Paraf ormaldehyde-f ixed 3 0 /xm thick rat 
brain sections were mounted on polylysine coated 
slides, then digested with proteinase K (10 mg/ml, 37 s 
C, 3 0 min) , acetylated and dehydrated in graded 
ethanol solutions. Approximately 5 x 10 s cpm/ml of 

25 the RNA probe was hybridized in situ at 55° C. for 12 hrs 
in 50% formamide, 0.3M NaCl, lOmM Tris (pH 8), ImM 
EDTA, 0.05% tRNA, 10% dextran sulfate, IX Denhardt * s 
solution, and lOmM DTT. Glass cover slips were 
removed from tissue sections by washing in 4x SSC for 

30 I5min at room temperature. Sections were treated with 
RNase A (20 /ig/ml , 37° C. , 30 min), washed for 30 min 
in 2x SSC, ImM DTT at room temperature and for 3 0 min 
in O.lx SSC, ImM DTT at 55° C. Sections were 
dehydrated in graded ethanol solutions containing ImM 
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DTT and exposed to Kodak XAR film at room temperature 
for 1-2 days. For higher resolution analysis slides 
were dipped in Kodak NTB-2 nuclear photographic 
emulsion, which was diluted 1:1 with distilled water, 
5 at 40° C. Seven to ten days after dipping, slides 
were developed and stained with thionin. The 
distribution of silver grains was analyzed with dark 
field illumination. 

RESULTS AND DISCUSSION 

10 Isolation and Nucleotide Sequencing of cDNA Clones 
A cDNA library prepared using poly (A+) RNA 
isolated from rat diencephalon was screened with a 
radiolabeled probe made from cDNA clone APCA48 which 
encodes the rat neuronal nAchR alpha3 subunit 

15 (Boulter, et al., 1986) . Three groups of clones, 
classified according to hybridization signal 
intensity, were obtained. Members of one class of 
cDNA clones encoded the alpha4-l and alpha4-2 subunits 
that are generated from the alpha4 gene by alternative 

20 mRNA splicing (Goldman, et al., 1987) . The second class 
of cDNA clones encoded the beta2 subunit (Deneris, et 
al., 1988) . The third class was represented by a 
single clone, AESD-7, which contained £c<?RI insert 
fragments of approximately 1800, 900 and 300 base 

25 pairs. 

To determine which of the three cloned Eco~RI 
fragments were responsible for the original 
hybridization signal, a Southern blot was made of 
£coRI digested AESD-7 DNA and probed with radiolabeled 
30 ACA48 insert DNA. The 1800 base pair EcoRl fragment 
hybridized and was therefore subcloned to determine a 
partial nucleotide sequence. The sequence data showed 
that the 1800 base pair fragment was different from, 
but had significant sequence identity with, previously 
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isolated rat neuronal nAChR subunit cDNAs. However, 
alignment of the deduced amino acid sequence of this 
cloned fragment with other rat neuronal rAChR alpha 
and beta-subunits suggested that this cloned fragment 
5 did not contain the entire coding region; indeed , the 
deduced amino acid sequence of the extreme 5'- end of 
the insert DNA showed sequence homology with the 
neuronal nAChRs beginning at approximately amino acid 
residue 25. 

10 Inspection of the nucleotide sequence 

revealed, in addition, a naturally occurring EcoRI 
site {i.e., an EcoRI site and flanking sequences which 
were different from the synthetic EcoRI linker used in 
the construction of the cDNA library) located at the 

15 5'- terminus of the 1800 base pair cloned cDNA 

fragment. It seemed likely that either the 300 or 900 
base pair EcoRI fragment might contain the coding 
region for the signal peptide, amino acids 1-25 and 
possibly the 5'- untranslated sequences. Nucleotide 

20 sequencing revealed that the 3 00 base pair EcoRI 

fragment had a naturally occurring EcoRI site at its 
3 ' - terminus , an open reading frame with a deduced 
amino acid sequence reminiscent of a signal peptide 
and 25 amino acids at its 3'- terminus which showed 

25 sequence homology with rat neuronal nAChRs. 

The complete nucleotide sequences of the 300 
and 1800 base pair EcoRI fragments from AESD-7 were 
determined over both DNA strands. It appeared that 
the 18 00 base pair fragment contained a single base 

30 pair deletion at nucleotide position 646 (Figure 19) 
since beyond this point a shift in reading frame was 
required to maintain both an open reading frame and 
homology with other rat neuronal nAChR subunits. To 
determine whether this nucleotide was missing in other 
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clones, additional rat diencephalon cDNA library- 
screenings were performed using the 1800 base pair 
EcoRI fragment as a probe. Three additional clones 
were obtained, which, by restriction endonuclease 
5 mapping and partial nucleotide sequence anaylses, were 
found to be colinear with AESD-7 (see Figure 18A) . 
Nucleotide sequence data derived from AHYP504 and 
AHYP63 0 (Figure 18 A) show that in regions of overlap 
both of these clones have sequences identical to 
10 AESD-7 except for the presence of an additional 

thymidine residue at nucleotide position 646. The 
presence of a thymidine residue resulted in an 
extended open reading frame (see below) . Since two out 
of three clones examined have an extra thymidine 
15 residue at nucleotide position 646, we conclude that 
the reading frameshift in AESD-7 is most likely a 
cloning artifact. Thus, the nucleotide sequence 
presented in Figure 19 is a composite obtained from 
clones AESD-7, AHYP504 and AYP630. 
20 Primary Structure of the AESD-7 

AHYP504 and AHYP63 0 Encoded Protein 
The composite sequence presented in Figure 
19 revealed an open reading frame that begins with a 
methionine codon at nucleotide position -90 and 
25 terminates with a TAG stop codon at nucleotide 

position 1303. Thus, the encoded protein is composed 
of 4 64 amino acid residues with a calculated molecular 
mass of 53.3 kilodaltons . The encoded protein was 
found to have significant sequence similarity to 
30 members of the neurotransmitter-gated ion-channel 

superfamily being more related to the neuronal nAChR 
subunits (40-55% sequence identity) than to either 
muscle nAChR subunits (30-40% sequence identity) or to 
the GABAA (Schofield, et al., 1987) and glycine 
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(Grenningloh, et al., 1987) receptor subunits 
(approximately 2 0% sequence identity) . 

The primary structure of the encoded protein 
has features found in other members of the neuronal 
5 nAChR subunit family (Figure 20) . Five hydrophobic 
regions were identified using the algorithm of Kyte 
and Doolittle (1982) . The first hydrophobic region 
occurs in the initial thirty residues of the protein 
and has features of a signal peptide (Von Heijne, 

10 1986) . The remaining hydrophobic stretches are in 
regions that are homologous to the four putative 
transmembrane domains of other nAChR subunits. The 
encoded protein has two potential N-linked 
glycosylation sites, both of which are conserved in 

15 the alpha3 , alpha4 , and beta2 subunits. Also present 
are two cysteine residues that correspond to cysteines 
128 and 142 in the alpha subunit of the Torpedo 
electric organ nAChR (Noda, et al., 1982) . However, 
absent from the protein are two cysteine residues that 

20 correspond to cysteine 192 and 193 of the Torpedo 

electric organ nAchR alpha subunit (Figure 20) . In 
this respect the encoded protein is similar to the 
betal, gamma, and delta subunits of the Torpedo and 
muscle nAChRs as well as the rat beta2 subunit 

25 (Deneris, et al., 1988), the chick neuronal non-alpha 

subunit (Nef, et al, 1988; Schoepfer, et al., 1988), and 
the Drosophilia ARD subunit ( Hermans -Borgmeyer, 1986) . 
In our nomenclature, a putative neuronal nAChR subunit 
identified by cDNA cloning is given the name "alpha" 

30 if the Torpedo alpha subunit cysteines 128, 142, 192, 
and 193 are conserved and "beta" if only 128 and 142 
are conserved (Boulter, et al., 1986; Goldman, et al., 1987; 
Deneris, et al., 1988; Wada, et al., 1988; Boulter, et al., 
1987) . Thus, the name beta3 has been assigned to the 
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gene and subunit defined by clones AESD-7, AYP504, and 
AHYP63 0. 

The primary structure of beta3 suggests that 
it participates as a subunit of an nAChR. One 
hypothesis is that in certain neural systems the beta3 
subunit contributes to the formation of an nAChR by 
combining with either the alpha2, alpha3, or alpha4 
subunit. Another possibility is that the beta3 
subunit functions with an as yet unidentified alpha- 
type subunit to form an nAChR subtype. A third 
possibility is that some brain nAChR subtypes are 
composed of more than two kinds of subunits as is the 
case for the muscle nAChRs. Thus, beta3, along with 
an alpha subunit and another beta subunit (e.g. beta2) 
may form an nAChR subtype. Since we have not yet been 
able to detect functional nAChRs with beta3 , a forth 
formal possibility is that the beta3 protein is not 
part of an nAChR but is a subunit of another 
neurotransmitter-gated ion-channel . 

The Beta3 Gene is Expressed in the Brain 

The clones encoding the beta 3 subunit were 
isolated from diencephalon cDNA libraries suggesting 
that the corresponding gene is expressed in the brain. 
in situ hybridization was performed using probes made 
from pESD77 (see Experimental Procedures, this 
experimental section) to confirm this idea and to 
determine the relationship between the expression of 
the beta3 gene and the expression of genes encoding 
neuronal nicotinic acetylcholine receptor subunits. 
Shown in Figure 21 are X-ray autoradiograms of [ 35 Sj- 
radiolabeled antisense RNA probe hybridization to 
transcripts in paraf ormaldehyd-f ixed rat forebrain and 
midbrain sections. Strong hybridization was seen in 
neurons of the medial habenula, substantia nigra pars 
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compacta and ventral tegmental area, the reticular 
nucleus of the thalamus and mesencephalic nucleus of 
the trigeminal. A similar hybridization pattern was 
seen with antisense probes derived from clone, A51 
5 (Figure 18A) which encodes only 3' non-coding sequence 
of the beta3 transcript (data not shown) . No 
hybridization signals above background levels were 
detected with sense-strand control probes (data not 
shown) . Thus, beta3 is the fifth member of the nAChR 

10 gene family which is expressed in the brain. 

In addition to the strong hybridization 
signals described above, a weak hybridization in the 
lateral habenula was also consistently seen. Higher 
resolution analysis (Figure 22) revealed strong 

15 hybridization in individual neuronal cell bodies 
scattered throughout the lateral habenula. 
Preliminary evidence also indicates that the beta3 
gene is expressed in additional isolated neuronal cell 
bodies scattered throughout the brain, most notably in 

20 the lateral hypothalamus. 

The relationship between the expression of 
the beta3 gene and the genes encoding the other 
neuronal nicotinic acetylcholine receptor subunits is 
summarized in Table 7. In all our experiments to 

25 date, we have not been able to find a discrete 

forebrain or midbrain region where both beta3 and 
alpha2 hybridization occurs. In contrast, alpha4-2 
and beta2 hybridization were found in each region in 
which we have reported beta3 hybridization, although 

30 very weak alpha4-2 and beta2 hybridization signals 
were found in the lateral habenuxla. Alpha4-1 is 
found in each of the reported regions except the 
lateral habenula. Alpha3 hybridization is also found 
in each of these regions except the lateral habenula 
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and mesencephalic nucleus of the trigeminal. It 
remains to be determined whether the beta3 gene is 
expressed in the same neurons as either alpha3 , 
alpha4, or beta2 . 

Conclusion 

The nucleotide sequence of cDNA clones which 
is homologous to but different from previously- 
described nAChR cDNAs has been presented. The 
protein, beta3 , encoded by these cDNA clones has 
structural features that are found in other nAChR 
subunits. Our data demonstrate the beta3 gene is 
expressed in the brain. Thus, we propose that beta3 
is a component of a neuronal nAChR subtype. 

FIGURE LEGENDS 
Experimental Section V 

Figure 18 (A & B) . Beta3 cDNA clones. A) 
Relationship and partial restriction endonuclease map 
of AESD-7, AHYP630 , AHYP504, and A51 cDNA clones. The 
black bar represents the coding region and the thin 
horizontal lines flanking the coding region represent 
5 ' and 3 1 untranslated regions of the beta3 cDNA 
clones. Arrows indicate the set of M13 deletion 
subclones used to determine the nucleotide sequence of 
the cDNA clones. The position of the reading 
frameshift in AESD-7 is indicated by an asterisk. B) 
Expression construct, pESD76, in plasmid vector pSP64 . 

Figure 19 . Nucleotide sequence and deduced 
primary structure of the beta3 protein. Nucleotides 
and amino-acid residues are numbered relative to the 
predicted mature amino terminus of the protein. The 
method of Von Heijne (1986) was used to predict valine 
at position 1 as the amino-terminus of the mature 
protein. Negative numbers correspond to nucleotides 
encoding the 5 ' untranslated region and amino acids of 
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the predicted leader peptide. Asterisk indicates 
position of the reading frameshift in AESD-7. 
Underlined is a potential polyadenylation signal 
sequence. 

5 Figure 20. Amino acid sequence alignment of 

the beta3 subunit with neuronal nAChR subunits. 
Aligned with the beta3 subunit are the rat beta2, 
alpha2 , alpha3 and alpha4-l subunits. Indicated in 
the figure are the positions of the predicted leader 

10 peptide, potential N- linked glycosylation sites 

(double crosses) , cysteine residues conserved in each 
member of the neurotransmitter-gated ion-channel 
subunit superfamily (asterisks) , putative 
transmembrane domains (TMD I-IV) and cytoplasmic 

15 domain. 

Figure 21. Localization of beta3 
transcripts in the rat forebrain and midbrain. Rat 
brain sections were probed with [ 3S S]-UTP radiolabeled 
antisense. RNA transcribed in vitro from pE5D77 (see 
20 Experimental Procedures section of this experimental 
section) . Regions where hybridization signals were 
detected are indicated. Magnification: X10. 

Figure 22 . Darkf ield photomicrograph of the 
habenular nuclei. Rat brain sections were treated as 
25 described in Figure 21 and the Experimental Procedures 
section of this experimental section. Abbreviations: 
L, lateral habenula; M, medial habenula. 
Magnification: X140. 



TABLE 7 

Correlation of beta3 gene expression in the 
rat forebrain and midbrain to the expression 
of the alpha2 , alpha3 , alpha4 and beta2 genes 

Regions indicated are those shown in Figures 
21 and 22 where beta3 antisense probe hybridization was 
detected. Alpha 4-1 and alpha4-2 are two different 
products of the alpha4 gene that presumably arise by 
alternative mRNA splicing. Abbreviations: LH, lateral 
habenula; MH, medial habenula; RN, reticular nucleus of 
the thalamus; SN, substantia nigra pars compacta; VTA, 
ventral tegmental area; MT, mesencephalic nucleus of the 
trigeminal. no signal detected; (+) , very weak 

signal detected; +, weak to strong signal detected. 
Summary of data for alpha and beta2 gene expression 
obtained from Wada, et a!., (1988) and Wada, et al., (1989, in 
press) . 



Neuronal nAchR gene 



Brain 

region Alpha2 Alpha3 Alpha4-1 Alpha4-2 Beta2 
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EXPERIMENTAL SECTION VI 
BETA 4 

This experimental section discloses details 
of another new member of the neuronal nicotinic 
5 acetylcholine receptor family, beta4. 

cDNA Library Construction and Screening 

A cDNA library was constructed using poly 
(A+) RNA isolated from the PC12 cell line and the UNI 
ZAP-cDNA Synthesis Kit (Stratagene Cloning Systems, 
10 Inc., La Jolla, CA) . A library of approximately 2 x 
10 7 elements was obtained. One million plaques were 
screened at high stringency using a radiolabeled exon 
5 DNA probe obtained from a fragment of the beta4 
genomic clone DD15 (see Figure 23) . Ten positive 
15 clones were selected and one clone, APC13, was 

sequenced and shown to contain the entire coding 
region of the beta4 gene as well as approximately 150 
and 800 base pairs of 5' and 3 • -untranslated regions, 
respectively . 

20 Genomic Library Construction and Screening 

Genomic DNA was isolated from purified 
neonatal rat (Sprague-Dawley) liver nuclei. The high 
molecular weight DNA was partially restricted with 
Mbol, filled-in with dCTP and dATP, size-fractionated 

25 on linear NaCl gradients and ligated in the Xho half- 
site of the replacement vector AGEM-11 (Promega Corp., 
Madison, WI) . Genomic clones harboring the alpha3 
(RG518B and RG13) and alpha5 genes (RG13 and RG512) 
were isolated by screening approximately 1 x 10 6 

30 genomic library phage with radiolabeled cDNA probes 
containing the entire coding region of the alpha3 
(PCA48) or alphas (PC1321) cDNA clones, respectively. 
Beta4 genomic clone RG518A was isolated by performing 
a 'chromosome walk' 5'- to clone RG518B. Beta4 
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genomic clone DD15 was isolated by cross-hybridization 
to a radiolabeled beta2 cDNA probe. 

Functional Expression in Xenopus 
To test whether the protein encoded by the 
5 beta4 gene could function as part of a nicotinic 
acetylcholine receptor, a full-length cDNA was 
isolated as described above. This clone, pZPC13, was 
then used as template for the in vitro synthesis of 
capped RNA transcripts using the SP6 polymerase. This 

10 RNA was then injected into Xenopus laevis oocytes both 

alone and in various pairwise combinations with in vitro 
transcripts prepared from the cloned alpha2, alpha3 , 
alpha4 and alpha5 genes. After 2-4 days in culture, 
electrophysiological recordings were made from the 

15 oocytes and the responses to perfused acetylcholine 
were monitored. 

DETAILED DESCRIPTION OF THE FIGURES 
FIGURE 23. Partial restriction endonuclease 
map and orientation of transcription units for rat 

20 genomic clones encoding members of the nicotinic 

acetylcholine receptor-related gene family. Arrows 
indicate the direction of transcription for the beta4 , 
alpha3 and alpha5 genes; the stippled boxes are 
approximate transcription units. The solid boxes 

25 represent exons (1-6) for the beta4 subunit gene. 

FIGURE 24. Nucleotide and derived amino 
acid sequences for the beta4 gene encoded by clones 
DD15 and RG518A. Nucleotides in the putative coding 
regions (exons 1-6) are in upper case letters; lower 

30 case letters correspond to putative intron sequences. 
The mature beta4 protein consists of 473 amino acids. 
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FIGURE 25. Nucleotide and derived amino 
acid sequences for the cDNA clone pPC13 21 encoding the 
rat alpha5 gene. The mature alpha5 protein consists 
of 424 amino acids. 
5 FIGURE 26. Comparison of the aligned amino 

acid sequences for the beta2, beta3 and beta4 genes. 
Sequences were aligned using University of Wisconsin 
Genetics Computer Group software. Putative functional 
domains such as the signal peptide and membrane 

10 spanning regions were predicted based on 

hydrophobicity plots using the Kyte and Doolittle 
algorithm. Asterisks indicate the positions of 
conserved cysteine residues. 

FIGURE 27. Comparison of the aligned amino 

15 acid sequences for the alpha2 , alpha3, alpha4 and 

alphas genes. Sequences were aligned as in Figure 26. 

FIGURE 28. Autoradiograms of Northern blot 
hybridization analysis of PC12 poly (A + ) RNA using 
radiolabeled probes prepared from all identified 

20 members of the rat nicotinic acetylcholine receptor- 
related gene family. Agarose gel electrophoresis was 
carried out in the presence of formaldehyde and each 
lane contained identical 6 /ig aliquots of PC12 poly 
(A + ) RNA. Hybridization and washing conditions were 

25 the same for all samples. X-ray film exposure times 
were the same for the autoradiograms using all probes 
(24 hours) except alpha5 (44 hours) . Longer exposure 
times (72 hours) for samples probed with alpha2, 
alpha4 and beta3 failed to reveal hybridizing RNA 

30 species. The numbers refer to approximate lengths of 
RNA transcripts in kilobases. 
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FIGURE 29. In situ hybridization 
autoradiograms showing the distribution of alphas and 
beta4 transcripts in coronal sections of the rat 
brain. Photographs are from films placed over 
histological sections. Magnification x4.5. 
5 Abbreviations: IPN, interpeduncular nucleus; ISO, 

isocortex; MH, medial habenula; SNc, substantia nigra 
pars compacta; SUB, subiculum; VGn, trigeminal 
ganglion; VTA, ventral tegmental area. 
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TABLE 8 

The percent amino acid sequence identity among pairwise 
combinations of members of the rat neuronal nicotinic 
5 acetylcholine receptor related gene family. 





Alpha2 


Alpha3 


Alpha4 


Alphas 


Beta2 


Beta3 


Beta4 


Alpha2 


100 


58 


68 


55 


50 


56 


48 


Alpha3 




100 


59 


52 


50 


50 


46 


Alpha4 






100 


49 


47 


52 


52 


Alphas 








100 


46 


68 


47 


Beta2 










100 


44 


64 


Beta3 












100 


44 



15 
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TABLE 9 

RNA Transcripts Injected Response to 10" 6 M ACh 

5 



alphal 
beta4 

alphal + beta4 
10 alphal + beta4 + gamma + delta 
alpha2 + beta4 
alpha3 + beta4 
alpha4 + beta4 
alpha5 + beta4 



RNA transcripts were synthesized in vitro and injected in 
the indicated combinations into Xenopus laevis oocytes. 

20 Electrophysiological recordings were made from 
individual oocytes after bath application of 
acetylcholine (ACh) . Depolarizing responses varied 
from 10-40 mV; resting potentials ranged from -50 to 
-100 mV. Negative responses were less than 1 mV 

25 depolarization at 100 micromolar ACh. At least three 
oocytes were tested for each combination of injected 
RNA's. Alphal, gamma and delta are mouse muscle 
acetylcholine receptor subunits. 



no 
no 
no 
yes 
yes 
yes 
yes 
no 
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SPECIFICATION SUMMARY 
From the foregoing description, one of 
ordinary skill in the art can understand that the 
present invention is the discovery and isolation of 
DNA segments encoding a family of new mammalian 
neuronal nicotinic acetylcholine receptors that are 
expressed in the brain and nerve cells. The new 
mammalian neuronal nicotinic acetylcholine receptors 
include individual alpha2, alpha3, alpha4.1, alpha4 . 2 , 
alpha5, beta2 , beta3 and beta4 receptor subunits, plus 
functional subunit combinations including but not 
limited to alpha2 + beta2 , alpha3 + beta2 , alpha4 + 
beta2, alpha2 + beta4 , alpha3 + beta4, and alpha4 + 
beta4 subunits. 

Both the receptor subunit genes and proteins 
of the present invention can be used for drug design 
and screening. For example, the cDNA clones encoding 
the alpha2, alpha3 , alpha4 , alphas, beta2 , beta3 and 
beta4 receptor subunits can be transcribed in vitro to 
produce mRNA. This mRNA, either from a single subunit 
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clone or from a combination of clones, can then be 
injected into oocytes where it will direct the 
synthesis of the receptor molecule (s) . Alternatively, 
the clones may be placed downstream appropriate gene 
5 regulatory elements and inserted into the genome of 
eukaryotic cells. This will result in transformed 
cell lines expressing one specific receptor subtype, 
or combinations of subtypes. The derived cell lines 
can then be produced in quantity for reproducible 

10 quantitative analysis of the effects of drugs on 
receptor function. 

Without departing from the spirit and scope 
of this invention, one of ordinary skill can make 
various changes and modifications to the invention to 

15 adapt it to various usages and conditions. As such, 
these changes and modifications are properly, 
equitably, and intended to be, within the full range 
of equivalence of the following claims. 



I 



WHAT IS CLAIMED IS: 

1. A substantially pure neuronal nicotinic 
acetylcholine receptor comprising at least one agonist 
binding subunit and at least one non-agonist binding 

5 subunit wherein said agonist binding subunit is 
selected from the group consisting of neuronal 
nicotinic acetylcholine receptor subunits alpha2, 
alpha3 , alpha4 and alphas, and said non-agonist 
binding subunit is selected from the group consisting 
10 of neuronal nicotinic acetylcholine receptor subunits 
beta2, beta3 and beta4 . 

2. A substantially pure neuronal nicotinic 
acetylcholine receptor of Claim 1 wherein said alpha 
subunit (s) are encoded by alpha gene sequences 

15 selected from the group consisting of: pHYP16, ATCC 
No. 67646, which encodes alpha2 ; pPCA48, ATCC No. 
67642, which encodes alpha3 ; pHYA23-l (E) 1, ATCC No. 
67 644, which encodes alpha4.1; pHIP3C(E)3, ATCC No. 

20 67 64 5, which encodes alpha4 . 2 ; and PC1321, ATCC No. 
(67652), which encodes alpha5; and said beta 
subunit (s) are encoded by beta gene sequences selected 
from the group consisting of: pPCX49, ATCC No. 67643, 
which encodes beta2; ESD76 , ATCC No. 67653, which 

25 encodes beta3, and pZPC13, ATCC No. 67893, which 
encodes beta4 . 

3. A substantially pure neuronal nicotinic 
acetylcholine receptor comprising at least one alpha 
receptor subunit and at least one beta subunit, 

30 wherein said alpha receptor subunit (s) are selected 
from the group consisting of alpha2, alpha3, and 
alpha4 , and said beta subunit (s) are selected from the 
group consisting of beta2 and beta4 . 
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4 . A substantially pure neuronal nicotinic 
acetylcholine receptor of Claim 3 wherein said alpha 
subunit(s) are encoded by alpha gene sequences 
selected from the group consisting of: pHYP16, ATCC 

5 No. 67646, which encodes alpha2 ; pPCA48, ATCC No. 
67642, which encodes alpha3 ; pHYA23-l (E) 1 , ATCC No. 
67 644, which encodes alpha4.1; pHIP3C(E)3, ATCC No. 
67 645, which encodes alpha4.2; and said beta 
subunit(s) are encoded by beta gene sequences selected 
10 from the group consisting of pPCX49, ATCC No. 67643, 
which encodes beta2 and pZPC13, ATCC 67893, which 
encodes beta4 . 

5. A substantially pure double-stranded DNA 
wherein the sense strand encodes the the primary amino 

15 acid sequence of a neuronal nicotinic acetylcholine 
receptor polypeptide selected from the group 
consisting of alpha2, alpha4, alpha5, beta2 , beta3 and 
beta4 . 

6. A substantially pure double-stranded DNA 
20 of Claim 5 wherein said alpha subunit(s) are encoded 

by DNA sequences selected from the group consisting of 
pHYP16, ATCC No. 67646, which encodes alpha2 ; pPCA48, 
ATCC No. 67642, which encodes alpha3 ; pHYA23-l (E) 1, 
ATCC No. 67644, which encodes alpha4.1; pHIP3C(E)3, 

25 ATCC No. 67 64 5, which encodes alpha4.2; and PC1321, 

ATCC No. (67652), which encodes alpha5 ; and said beta 
subunit(s) are encoded by DNA sequences selected from 
the group consisting of pPCX49, ATCC No. 6764 3, which 
encodes beta 2 ; ESD76, ATCC No. 67653, which encodes 

30 beta3, and pZPC13, ATCC No. 67893, which encodes 
beta4 . 



r 



7. Substantially pure DNA sequences 
selected from the group consisting of DNA sequences 
shown in Figures 2A(1) , 2A(2) , 2A(3) (for alpha4.1); 
Figures 2B(1) , 2B(2) , 2B(3) (for alpha4.2); Figures 

5 7B(1), 7B(2), 7B(3) (for beta2) ; Figures 15C(1) , 
15C(2), 15C(3) (for alpha2) ; Figure 19 (for beta3) ; 
Figure 24 (for beta4) ; and Figure 25 (for alphas) . 

8. Substantially pure DNA sequences that 
are functionally equivalent to any of the 

10 substantially pure DNA sequences selected from the 
group consisting of: pHYP16, ATCC No. 6764 6, which 
encodes alpha2 ; pHYA23-l (E) 1, ATCC No. 6764 4, which 
encodes alpha4.1; pHIP3C(E)3, ATCC No. 67645, which 
encodes alpha4 . 2 ; PC1321, ATCC No. 67652, which 

15 encodes alpha5; pPCX49, ATCC No. 67643, which encodes 
beta2 ; ESD7 6, ATCC No. 67 653, which encodes beta3 , and 
p2PC13, ATCC No. 67893, which encodes beta4. 

9. Substantially pure DNA sequences that 
are functionally equivalent to any of the 

20 substantially pure DNA sequences shown in Figures 
2A(1), 2A(2), 2A(3) (for alpha4.1); Figures 2B(1) , 
2B(2), 2B(3) (for alpha4.2) ; Figures 7B(1), 7B(2), 
7B(3) (for beta2); Figures 15C(1) , 15C(2), 15C(3) (for 
alpha2) ; Figure 19 (for beta3) ; Figure 24 (for beta4) ; 

25 and Figure 25 (for alphas) . 

10. Substantially pure protein comprised of 
an amino acid sequence selected from the group 
consisting of those amino acid sequences shown in 
Figures 2A(1) , 2A(2) , 2A(3) (for alpha4.1); Figures 

30 2B(1), 2B(2), 2B(3) (for alpha4.2); Figures 7B(1) , 
7B(2), 7B(3) (for beta2); Figures 15C(1) , 15C(2) , 
15C(3) (for alpha2) ; Figure 19 (for beta3) ; Figure 24 
(for beta4); and Figure 2 5 (for alpha5) . 
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11. DNA sequences having substantial 
sequence homology with any of the DNAs claimed in any 
of Claims 5-10. 

12. mRNA sequences transcribed from any of 
5 the substantially pure DNA sequences claimed in any of 

Claims of 5-10. 

13 . Substantially pure polypeptide encoded 
by any of the substantially pure DNA sequences claimed 
in any of Claims 5-10. 

10 14. Cells transformed by any of the 

substantially pure DNA sequences claimed in any of 
Claims 5-10. 
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NEURONAL NICOTINIC ACETYLCHOLINE RECEPTOR COMPOSITIONS 
ABSTRACT 

The present invention relates to a family of 
neuronal nicotinic acetylcholine receptors comprised of 
5 neuronal agonist and non-agonist binding subunits, and 
DNA sequences encoding such subunits. These novel 
neuronal nicotinic acetylcholine receptor subunits 
include the agonist binding subunits alpha2, alpha3, 
alpha4, and alpha5, plus non-agonist binding subunits 
10 beta2 , beta3 and beta4 . Representative cDNA clones that 
contain the DNA sequences of the invention have been 
deposited with the American Type Culture Collection for 
patent purposes. 
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DECLARATION FOR PATENT APPLICATION 



As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated 
below next to my name. 

I believe I am the original, first and sole inventor (if only one 
name is listed below) or an original, first and joint inventor (if 
plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled 

NEURONAL NICOTINIC ACIiTY LCI10L 1 NH RECEPTOR COMPOSITIONS AND METHODS 

the specification of which (check one) 

( ) is attached hereto. 

(x) was filed by an authorized person on my behalf on 

March 14. 1989 as Application Serial Wo. 321 . 384 

and was amended on 

(if applicable) 

I hereby state that I have reviewed and understand the contents of 
the above identified specification, including the claims as amended 
by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to 
the examination of this application in accordance with Title 37, 
Code of Federal Regulations, §1. 56(a). 

I hereby claim foreign priority benefits under Title 35, United 
States Code, §119 of any foreign appl i ca tion ( s ) for patent or 
inventor's certificate listed below and so identified, and I have 
also identified below any foreign application for patent or 
inventor's certificate on this invention filed by me or my legal 
representatives or assigns and having a filing date before that of 
the application on which priority is claimed. 

Priority 
Claimed 

Number Country Day/Month/Year Filed (Yes or No) 



I hereby claim the benefit under Title 35, United States Code, §120 
of any United States appl ication ( s ) listed below and, insofar as the 
subject matter of each of the claims of this application is not 
disclosed in the prior United States application in the manner 
provided by the first paragraph of Title 35, United States Code, 
§112, I acknowledge the duty to disclose material information as 
defined in Title 37, Code of Federal Regulations, §1. 56(a) which 
occurred between the filing date of the prior application and the 
national or PCT international filing date of this application: 

Application Serial No. Filing Date status 

170,205 March ]«, J 988 



Pending 



Declaration 1085-1 



I herebv declare that all statements made herein of my own 
knowledge are true and that all statements made on information and 
belief are believed to be true; and further that these statements 
were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that 
such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

I hereby appoint the following attorneys, with full power of 
substitution and revocation, to prosecute this application and to 
transact all business in the United States Patent and Trademark 
Office connected therewith and request that all correspondence and 
telephone calls in respect to this application be directed to 
FITCH, EVEN, TABIN & FLANNERY , Suite 900, 135 South I.aSalle 
Street, Chicaqo, Illinois 60603, Telephone No. (312) 372-7842: 



Attorney Reg. No. 

Morgan L. Fitch, Jr. 17,023 

Francis A. Even 16,880 

Julius Tabin 16,754 

John F . Flannery 19,759 

Robert K. Schumacher 17,456 

Robert B. Jones 20,135 

James J. Schumann 20,856 

R. Steven Pinkstaff 20,448 

J. Bruce McCubbrey 20,687 



Attorney Reg. No. 

James J. Hamill 19,958 

James J. Myrick 25,901 

Phillip H. Watt 25,939 

Donald L. Bartels 28,282 

Timothy E. Levstik 30,192 

Virqinia H. Meyer 30,089 

Richard B. Wakely 26,819 

Joseph E. Shipley 31,137 



Full name of sole or one 
joint inventor : 



St on hen I < 



He in etna nn 



Inventor's signature: 
Date : 



Residence and Post Office 
Add r ess : 



,N 1 S 1 1. 1 i I I' i idj-.c l.iinc 



11 .i, C\ y_'l)37 



Ci t i zenship : 



lln it od St.-ttt. 



Address for Coi r ospondence : 



FITCH, EVEN, TABIN & FLANNERY 

135 South LaSalle Street-Suite 900 

Chicago, Illinois 60603-4277 



Full name of sole or one 
joint inventor: 



James Warner Patrick 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



1741 S. Boulevard 



Houston, TX 77098 



Citizenship: 



United States 



Full name of sole or one 
joint inventor: 



James Richard Boulter 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



1219 W. Montecito Way 



San Die^o, CA 92103 



Ci tizenship: 



United States 



Full name of sole or one 
joint inventor: 



l-van Samuel Dcneris 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



(.2 2o DokI iny Drive 



I. a Jo Ha , CA 9205 7 



Ci tizenship: 



United States 
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Full name of sole or one 
joint inventor: 

Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



Citizenship: 



Kc i i i W;ul;i 



12501 Village Sq. Terrace, Apr. 301 
Rockville, MD 20852 



Japan 



Full name of sole or one 
joint inventor: 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



Marc Charles Ballivet 



15 Rue Muzv 



12U7 Geneva 



Sw i t z c r 1 a tul 



Ci ti zenship: 



Full name of sole or one 
joint inventor: 



Daniel Jay Goldman 



Inventor's signature: 
Date : 

Residence and Post Office 
Address : 



(.0 7 South Hou levari! 



An n A i hor , MI -18 10 4 



Ci t i zensh ip: 



United States 



Declaration 1035-3 



Full name of sole or one 
joint inventor: 



John Gerard Connullv 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



223 Ocean Street 



So 1 a na Ueach, CA 92U75 



C i tizensh i p: 



United kingdom 



Full name of sole or one 
joint inventor: 



Robert Michael Duvoisin 



Inventor's signature: 
Date : 

Residence and Post Office 
Address : 



1 29 ] Oth Street , *E 



He I Mar, CA 92 OH 



Ci tizenship: 



Swi t norland 



Full namo of sole or one 
joint inventor: 



liden Dec- 1 lie i non- 



Inventor's signature: 
Da to: 

Residence and Post Office 
Address : 



1 U) Stonncr Street, Apt. 



:,an i.uis Obispo, CA 9 340] 



Cit i zenshi f 



lln i Led St ates 



DoclH ration 10b5-3 



DECLARATION FOR PATENT APPLICATION 



As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated 
below next to my name. 

I believe I am the original, first and sole inventor (if only one 
name is listed below) or an original, first and joint inventor (if 
plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled 

NEURONAL NICOTINIC ACETYLCHOLINE RECEPTOR COMPOSITIONS AND METHODS 

the specification of which (check one) 

( ) is attached hereto. 

(x) was filed by an authorized person on my behalf on 

March 14. 1989 as Application Serial No. 321 , 384 

and was amended on » 

(if applicable) 

I hereby state that I have reviewed and understand the contents of 
the above identified specification, including the claims as amended 
by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to 
the examination of this application in accordance with Title 37, 
Code of Federal Regulations, §1. 56(a). 

I hereby claim foreign priority benefits under Title 35, United 
States Code, §119 of any foreign appl i ca tion ( s ) for patent or 
inventor's certificate listed below and so identified, and I have 
also identified below any foreign application for patent or 
inventor's certificate on this invention filed by me or my legal 
representatives or assigns and having a filing date before that of 
the application on which priority is claimed. 

Priority 
Claimed 

Number Country Day/Month/Year Filed (Yes or No) 



I hereby claim the benefit under Title 35, United States Code, §120 
of any United States appl ica t ion ( s ) listed below and, insofar as the 
subject matter of each of the claims of this application is not 
disclosed in the prior United States application in the manner 
provided by the first paragraph of Title 35, United States Code, 
§112, I acknowledge the duty to disclose material information as 
defined in Title 37, Code of Federal Regulations, §1. 56(a) which 
occurred between the filing date of the prior application and the 
national or PCT international filing date of this application: 

Application Ser i al No. Filing Oate Status 

170.205 fk.rch 18, 1 <>S8 Pendin, 



Declaration 1085-1 



I herc-bv declare that all statements made heroin of my own 
knowledge ate true and that all statements made on information and 
belief are believed to be true; and further that these statements 
were aide with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that 
such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

1 hereby appoint the following attorneys, with full power of 
substitution and revocation, to prosecute this application and to 
transact all husiner.s in the United States Patent and Trademark 
Office connected therewith and request that all correspondence and 
telephone calls in respect to this application be directed to 
FITCH, EVEN, TARIN £, ELAKNERY , Suite 900, 135 South LaSalle 
Street, Chicago, Illinois 60603, Telephone No. (312) 372-7842: 



Attorney Reg'. No. 

Morgan L. Fitch, Jr. 17,023 

Francis A. Even 16,880 

Julius Tabin 16,754 

John F. Flannery 19,759 

Robert K. Schumacher 17,4 56 

Robert B. Jones 20,135 

James J. Schumann 20,856 

R. Steven Pinkstaff 20,448 

J. Bruce McCubbrey 2 0,6 87 



Attorney Reg, No. 

James J. Hamill 19,958 

James J. Myrick 25,901 

Phillip H. Watt 25,939 

Donald L. Bartels 28,282 

Timothy E. Levstik 30,192 

Virginia H. Meyer 30,089 

Richard B. Wakely 26,819 

Joseph E. Shipley 31,137 



Full name of sole or one 
-joint inventor: 



He i noma un 



Inventor's sianature: 
['ate : 

P.- ii i .ic- nco j:iJ Post Office 
Add r ess : 



s-l 8 I ( ' I i I I i iil);o !.;iiu- 



Add r (.■ s s t Ci, i t o s po n d e nc e : 



FITCH, EVEN , TABIN & FLANNERY 

135 South LaSalle Street-Suite 900 

Chicago, Illinois 60603-4277 



Full name of sole or one 
joint inventor: 



■ James U'aruer I'a trick 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



17-11 S. Boulevard 



Houston, TX 77098 



Citizenship: 



United States 



Full name of sole or one 
joint inventor: 



James Richard Boulter 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



1 2 1 *J Iv. Montecito Way 



San Diego, CA 92103 



Citizenship: 



United States 



Full name of sole or one 
joint i nven Lor : 



Lvan Samuel Dene r is 



Inventor's signature: 
Date : 

Residence and Post Office 
Addr ess : 



i. J.: i- in.u I in 1 ' I)i i v 



Ci t i zenship: 
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United States 



Full name of sole or one 
joint inventor: 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



7760 Cnmino Glorita 



San lUci'.o, CA U2 122 



Ci t i zenship: 



Japan 



Full name of sole or one 
joint inventor: 



Inventor's signature: 
Date : 



Residence and Post Office 
Address : 



Marc Charles Ballivct 



Ap-vU fit*) 



IS Rue Muzy 



1 2 07 Qenevii 



Swi t zer 1 and 



Citizenship: 



Full na^ie of sole or one 
joint inventor: 



Daniel .lav Goldman 



Inventor's signature: 
Date: 

Residence and i'ost Office 
Addr ess : 



ith Boulevard 



Ann /rhor, Ml -IS 111 4 



Ci t i zenship: 

Dec l. =i rat ion 1085-3 



lln i t cd S late s 



Full name of sole or one 
joint inventor: 



Juhn Corard Connolly 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



Ocean Street 



So I ana Beach , CA 9207S 



Citizenship: 



United Kingdom 



Full name of sole or one 
joint inventor: 



Robert Michael Duvoisin 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



129 10th Street, >i E 



Pel Mar, CA 9201'! 



Ci t izenship: 



Switzerland 



Full name of sole or one 
joint inventor: 



lidcn Moor lleinemann 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



I 4 0 Stenner Street, Apt. 



.an l.uis Obispo, CA 93401 



Ci t i zonship: 



United States 
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DECLARATION FOR PATENT APPLICATION 



As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated 
below next to my name. 

I believe I am the original, first and sole inventor (if only one 
name is listed below) or an original, first and joint inventor (if 
plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled 

NEURONAL NICOTINIC ACETYLCHOLI NO RECEPTOR COMPOSITIONS AND METHODS 

the specification of which (check one) 

( ) is attached hereto. 

( X ) was filed by an authorized person on my behalf on 

Mnrr.h 14. IQRt) as Application Serial Wo. 321 . 384 

and was amended on . 

(if applicable ) 

I hereby state that I have reviewed and understand the contents of 
the above identified specification, including the claims as amended 
by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to 
the examination of this application in accordance with Title 37, 
Code of Federal Regulations, §1. 56(a). 

I hereby claim foreign priority benefits under Title 35, United 
States Code, §119 of any foreign application ( s ) for patent or 
inventor's certificate listed below and so identified, and I have 
nlso identified below any foreign application for patent or 
inventor's certificate on this invention filed by me or my legal 
representatives or assigns and having a filing date before that of 
the application on which priority is claimed. 

Priority 
Claimed 

Number Country Day/Month/ Year Filed (Yes or No) 



I hereby claim the benefit under Title 35, United States Code, §120 
of any United States appl i ca t ion ( s ) listed below and, insofar as the 
subject matter of each of the claims of this application is not 
disclosed in the prior United States application in the manner 
provided by the first paragraph of Title 35, United States Code, 
§112, I acknowledge the duty to disclose material information as 
defined in Title 37, Code of Federal Regulations, §1. 56(a) which 
occurred between the filing date of the prior application and the 
national or PCT international filing date of this application: 

Application Serial No. Filing Date Status 



Mnrcli 18, J 088 



Pending 



Declaration 1085-1 



I hereby declare that all statements made herein of my own 
'•-.nowledge are true and that all statements made on information and 
belief are believed to be true; and further that these statements 
were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that 
such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

I hereby appoint the following attorneys, with full power of 
substitution and revocation, to prosecute this application and to 
transact all business in the United States Patent and Trademark 
Office connected therewith and request that all correspondence and 
telephone calls in respect to this application be directed to 
FITCH, EVEN, TABI N & FLANNERY , Suite 900, 135 South LaSalle 
Street, Chicago, Illinois 60603, Telephone No. (312) 372-7842: 



Attorney 


Reg. No. 


Attorney 


Reg . 


No. 


Morgan L. Fitch, Jr. 


17, 023 


James J. Hamill 


19, 


958 


Francis A. Even 


16, 880 


James J. Myrick 


25, 


901 


Julius Tabin 


16,754 


Phillip H. Watt 


25, 


,939 


John F. Flannery 


19, 759 


Donald L. Bartels 


28, 


,282 


Robert K. Schumacher 


17, 4 56 


Timothy E. Levstik 


30, 


r 192 


Robert B. Jones 


20,135 


Virginia H. Meyer 


30! 


, 089 


James J. Schumann 


20, 856 


Richard B. Wakely 


26, 


, 819 


R. Steven Pinkstaff 


20, 448 


Joseph E. Shipley 


31,137 


J. Bruce McCubbrey 


20, 687 








Full name of sole or 


one 








joint inventor : 




StoplitMi l ux lk< i noiiwinii 






Inventor's signature 








•v. 



1- 2o-&n 



Residence and Post Office 
Address: 



84 8 1 CI i f f i idj;e l.anc 



CA 9 2 037 



Citizenship: 



Address for Correspondence: 



FITCH, EVEN, TAB IN 6 FLANNERY 

135 South LaSalle Street-Suite 900 

Chicago, Illinois 60603-4277 



Full name of sole or one 
joint inventor: 



Jflmps Warner Patri rk... 



Inventor s signature: 
Date: 



Residence and Post Office 
Address : 



1741 S. RnnlPua rrl 



Houston, tx 77nqn 



Citizenship: 



United Sratfts 



Full name of sole or one 
joint inventor: 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



■Tames Richard Ron Iter 



1219 W. Montecito Way 



San Diego, CA 92103 



Ci t i zenship: 



United States 



Full name of sole or one 
joint inventor: 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



Evan Samuel Deneris 



6226 Dowlinq Drive 



La Jolla . CA 97.037 
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United S t ates 



Full name of sole or one 
joint inventor: 

Inventor's signature: 
Date: 

Residence and Post Office 
Address: 



John Gerard Connolly 



XT 



743, C*esT Wa> ?Q 
223 Ocean Str e et C j^' 

Solana Boach, CA 02075: 



Citizenship: 



United Kingdom 



Full name of sole or one 
joint inventor: 

Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



Robert Mi chael Duvoisin 



129 10th Street, HE 
Del Mar, CA 92014 



Ci tizenship: 



Swi t zer land 



FuLl name of sole or one 
joint inventor: 



Eden Deer Heinemann 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



140 Stenner Street, Apt. 8 
.'ian l.uis Obispo, CA 93401 



Citizenship: 



United States 



Declaration 1085-3 



Full name of sole or one 
joint inventor: 



Keiji Wad a 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



7760 Camino Glorita 



San Diego, CA 92122 



Citizenship: 



Japan 



Full name of sole or one 
joint inventor: 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



Marc Charles Ballivet 



15 Rue Muzy 



1207 Geneva 



Switzerland 



Citizenship: 



Full name of sole or one 
joint inventor: 



Daniel Jay Goldman 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



1607 South Boulevard 



Ann Arbor, Ml 4 8104 



Ci tizenship: 



United States 



Declaration 1085-3 



DECLARATION FOR PATENT APPLICATION 



As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated 
below next to my name. 

I believe I am the original, first and sole inventor (if only one 
name is listed below) or an original, first and joint inventor (if 
plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled 

NEURONAL NICOTINIC ACETYLCHOLINE RECEPTOR COMPOSITIONS AND METHODS 
the specification of which (check one) 
( ) is attached hereto. 

(x) was filed by an authorized person on my behalf on 

March 14. 1989 as Application Serial No. 321 . 384 

and was amended on . 

(if applicable) 

I hereby state that I have reviewed and understand the contents of 
the above identified specification, including the claims as amended 
by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to 
the examination of this application in accordance with Title 37, 
Code of Federal Regulations, §1. 56(a). 

I hereby claim foreign priority benefits under Title 35, United 
States Code, §119 of any foreign appl i ca t i on ( s ) for patent or 
inventor's certificate listed below and so identified, and I have 
also identified below any foreign application for patent or 
inventor's certificate on this invention filed by me or my legal 
representatives or assigns and having a filing date before that of 
the application on which priority is claimed. 

Priority 
Claimed 

Number Country Day/Month/Year Filed (Yes or Ho) 



I hereby claim the benefit under Title 35, United States Code, §120 
of any United States appl ica t ion ( s ) listed below and, insofar as the 
subject matter of each of the claims of this application is not 
disclosed in the prior United States application in the manner 
provided by the first paragraph of Title 35, United States Code, 
§112, I acknowledge the duty to disclose material information as 
defined in Title 37, Code of Federal Regulations, §1. 56(a) which 
occurred between the filing date of the prior application and the 
national or PCT international filing date of this application: 

Application Serial No. Filing Date Status 

170,295 N»rch 18, 1988 Pending 



Declaration 1085-1 



I hereiA' declare that all statements made herein of my own 
knowledoe are true and that all statements made on information and 
belief are believed to be true; and further that these statements 
were irade with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, 
unci cr Section 1001 of Title IB of the United States Code and that 
such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

T !>cr«-'°ry appoint th<- following attorneys, with full power of 
rub st i t ut ion and revocation, to prosecute this application and to 
transact 1 1 bus i r:».-rr, in the United States Patent and Trademark 
Office connected therewith and request that all correspondence and 
telephone calls in respect to this application be directed to 
FITCH, r YEN' , TAB I N & FLANNERY , Suite 900, 135 South I.aSalle 
Street, Chicaqo, Illinois 60603, Telephone No. (312) 372-7842: 



Attornev 


Rea. No. 


At torney 


Req. No. 


Morosn I . Fi tch, Ji. 


17,023 


James J . Ha mi 1 1 


19, 958 


Francis A. even 


16, PflO 


James J . My r ick 


25, 901 


Julius Tab in 


16, 754 


Phillip H. Watt 


25, 939 


Jrinr. F. Flannery 


19, 759 


Donald L . Battels 


28, 282 


Robert r' . Schumacher 


17, 456 


Timothy E. Levstik 


30,192 


Robert B. Jones 


20, 135 


Vi rqinia H. Meyer 


30, 089 


Ja-ros J. Schumann 


20, 856 


Richard E. Wakely 


26, 819 


F. Steven Pinkstaff 


20, 448 


Joseph E. Shipley 


31,137 


J. ?ruce r-'c Cubbies' 


20, 687 







a me of sole or one 



St cphen 



lie i neiimnn 



Inventor ' s signature : 
Pate : 



P*- si der.ee snc Pert Office 
Add r e.*;s : 



i I I i 'ul h \c I. .mo 



Address f < * i Ow r i • • s po ndence: 



FITCH, F.VF.N, TAB IN & FLANNERY 

3 35 South r.aSalle Street-Suite 900 

Chicauo, Illinois 60603-4277 



Full name of solo or one 
joint inventor: 



.James Warner I'a trick 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



1741 S. Boulevard 



Houston, TX 77098 



Citizenship: 



United States 



Full name of sole or one 
joint inventor: 



James Ui chard Boulter 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



1 2 1 •» U . Mon tec i to 



San nieu o, CA 92103 



C i t i zensh ip: 



United State? 



Full na:no of sole or one 
joint inventor: 



Hvan Samuel Doner is 



Inventor's signature: 
Date: 

Residence and Post Office 
Address: 



(» 1 lu Dow i i iij; |)r i ve 



!.a .J-j M a , CA D20 3 



Citi zenship: 



United States 
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Full name of sole or one 
joint inventor: 



Inventor s signature: 
Date: 

Residence and Post Office 
Address : 



7 7 0 0 Cam i no (IloriLa 



San liU'i'.o, C<\ 92122 



Ci tizenship: 



Full name of sole or one 
joint inventor: 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



Marc Charles BalJivet 



12 07 Geneva 



Swi t :c i" J and 



Citizenship: 



Full narn<? of solo or one 
joi nc i nven tor : 



Daniel .lav Goldman 



Inventor's signature: 
Date: 



Residence mJ Post Office 
Address : 



10 0 7 Muith lioulovard 



Ann Arbor, MI 48104 



Ci t i zenship: 



Un i ted Si a tcs 
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Full name of sole or one 
joint inventor: 



John Gerard Conno 1 1 y 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



Ocean Street. 



Sol una I'.euch, CA 920 7 5 



Citizenship: 



Un i ted K l ngdom 



FuLl name of sole or one 
joint inventor: 



Robert Michael Duvoisin 



Inventor's signature: 
Date: 

Residence and Post Office 
Addr ess : 



12 9 10 th Street, >i V. 



Del Mar, CA 92 01-1 



Ci ti zenship: 



Switzerla nd 



Full nanne of sole or one 
joint inventor: 



Inventor's signature: 
Da t e : 



Residence and Post Office 
Address : 



l-den Peer lleinemann 



l-Hi St en nor Street, Apt. 



.".an Luis Obispo, CA 9 34 01 



Citizenship: 



United Statt 
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DECLARATION FOR PATENT APPLICATION 



As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated 
below next to my name. 

I believe I am the original, first and sole inventor (if only one 
name is listed below) or an original, first and joint inventor (if 
plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled 

NEURONAL NICOTINIC ACETYLCHOLINE RECEPTOR COMPOSITIONS AND METHODS 
the specification of which (check one) 
( ) is attached hereto. 

(x) was filed by an authorized person on my behalf on 

March 1A. 1989 as Application Serial No. 321 . 384 

and was amended on . 

(if applicable) 

I hereby state that I have reviewed and understand the contents of 
the above identified specification, including the claims as amended 
by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to 
the examination of this application in accordance with Title 37, 
Code of Federal Regulations, §1. 56(a). 

I hereby claim foreign priority benefits under Title 35, United 
States Code, §119 of any foreign appl ica t ion ( s ) for patent or 
inventor's certificate listed below and so identified, and I have 
also identified below any foreign application for patent or 
inventor's certificate on this invention filed by me or my legal 
representatives or assigns and having a filing date before that of 
the application on which priority is claimed. 

Priority 
Claimed 

Number Country Day/Month/Year Filed (Yes or No) 



I hereby claim the benefit under Title 35, United States Code, §120 
of any United States appl i ca t ion ( s ) listed below and, insofar as the 
subject matter of each of the claims of this application is not 
disclosed in the prior United States application in the manner 
provided by the first paragraph of Title 35, United States Code, 
§112, I acknowledge the duty to disclose material information as 
defined in Title 37, Code of Federal Regulations, §1. 56(a) which 
occurred between the filing date of the prior application and the 
national or PCT international filing date of this application: 

A pplication Sarial No. Filing Date status 

17(1 • L,t,5 M{ "-d> ««• J ( 'S8 Pendino 
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1 hereby declare that all rta: r-mc-nts made horein of my own 
knowledge are true and that all £ t a t er.K- nt made on i n f o r ma t i on and 
belief are believed to be true; and further that then* 1 statements 
were rrjdc- v;ith the knowledge that willful false statements and the 
like r.<> rr.ade are punishable by fin'' or iiv.pr i snnment , or both, 
uiiwt.: ; t ion 10(:1 of Tit)e 1 H of tr.e r-niu-d StaLc-r. Code and that 
S'jrli uili'ul false st atenient-.s mr-y i :-op:, r d i v e the validity of the 
application or any patent isr.'j^d thereon. 

I l.eri'i v ."jjjnj'it. following a i nor nov s , vith full power of 

«-..b- l lit)? i >n =i;-id rt voation, tc [•robecot. <• this; application and to 
t r .r:r .'til h-!:-i;.- : in the i ! i.:ied Mott-r r., tent and Trademark 
Offi < c< • nn.-c t »•<-: t!..!(-with ,md u j .]iii'Fi. that i, 1 1 for r .•r-ponder.ee and 
tel '••■!'.. r.o <,.-.) 1: in te.-pect t.o thir application be di rev tod to 
FIVH, PVL: v !, TARJU' /. FLANNK-A' , f-'uite ^0(>, 1 i r > South I.aSaHe 
Street, CM-.-aoo, Illinois fru^.O?, Telephone Ko . [21'.'.) 372-7042: 



P. V : :i-.r.<- 
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M'ICH, ! 'VI IN , TABTN & PLANNER Y 

1 3S S:>uih J.aSalle Street-Suite 900 

Chicci.jo, Illinois 60603-4277 



FuLL nar.e of sole or one 
join, inventor: 

Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



!..r ('..trick 




ix 



7 



17-11 S. oo ulevard 



Housto n, IX 77Uil8 , 



Citizenship: 



United S t :i t (j s 



Full name of sole or one 
joint inventor: 



Richard Hun Iter 



Inventor ' s sif|i.;.turo : 
Dar.e: 

Resid?::-e and Post Office 
Aj-Jresii; 



I 2 I *.' V. . MuiUoc i ti. IVay 



Cicizenship: 



Un i ; od >t.a tcs 



:•' j] 1 r.^rc of solo ->r 
joint inventor: 



I nvi.T.-.or ' s si gna tr.re : 
D 1 •_ • : : 

P.csi-.l'.Mict.- tnd i'jsr. OfCico 
A jdr t-ss : 



I l t>u I i ii Drive 



C..\ D2037 



Ci ti i-.«:ishi p: 
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United Stares 



Full na.ne of sole or o:;e 
joint i nven tor : 



Inventor's signaLti 
Date : 



Residence and Post Office 
Address : 



"CO C:\ni i ;i<» l\\ gr t I a 



S:m I' \i"\u, CA \*1H 2 



Citizenship: 



Full natne of sole or one 
joint inventor : 



Inventor's signature 
Date: 



Residence and Post Office 
Address : 



Ma rc Cha r 1 es 3a 1 1 i vet 



I J 07 Ccueva 



Sv: i t _ o i" I .in J 



Citizenship: 



Full r:-.-. ; s.-iio .ir one 
joint inventor: 



Dan i e 1 lav Co 1 dinun 



Inventor's signature: 
Da t e : 



Residence in J Post Office 
Address: 



Ji0 7 Suuth Boulevard 



Ann Arhor, Ml -18104 
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Full name of solo or one 
join': inventor: 

Inventor's r, i gna t ur : 
Date: 

Residence and Post Office 
Address : 



Ci tizenshi p: 

Full name of sole or one 
joint inventor: 

Inventor's signature: 
Date: 

Residence and Pose Office 
Address : 

Ci t izenship: 

Full name of sole or one 
joint l .-: v e n tor: 

Inventor's signature: 



P.o.s ii':^:i~e jnd Pos. Office 



lull. 1 ! ( .' V l .l I u CUIIMD 1 I )' 



2 2 3 Ocean Street 



Solan ; i I ' .each, CA ( .) 2 0 7 5 



Unit e<! K i ihmIoih 



Robert Michael IUivoisin 



_1_: '■» Hit h Mtcet , ai- 
Del Mar, CA 'J 2 01 4 



Sw it :orl and 



Idcn Nl '.'I' lie i ncinami 



I iu Mrmu-r Street, Apt. 8 
• • a^K , i . i > ( ) h ispu, CA 9 5- 101 



Ci t i r.ensh i p: 
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DECLARATION FOR PATENT APPLICATION 



As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated 
below next to my name. 

I believe I am the original, first and sole inventor (if only one 
name is listed below) or an original, first and joint inventor (if 
plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled 

NEURONAL NICOTINIC ACETYLCHOLINE RECEPTOR COMPOSITIONS AND METHODS 



the specification of which (check one) 



( ) is attached hereto. 

(x) was filed by an authorized person on my behalf on 

March 14, 1989 a s Application Serial No. 321 . 384 

and was amended on . 

(if applicable) 

I hereby state that I have reviewed and understand the contents of 
the above identified specification, including the claims as amended 
by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to 
the examination of this application in accordance with Title 37, 
Code of Federal Regulations, §1. 56(a). 

I hereby claim foreign priority benefits under Title 35, United 
States Code, §119 of any foreign appl i ca t ion ( s ) for patent or 
inventor's certificate listed below and so identified, and I have 
also identified below any foreign application for patent or 
inventor's certificate on this invention filed by me or my legal 
representatives or assigns and having a filing date before that of 
the application on which priority is claimed. 

Priority 
Claimed 

Number Country Day/Month/ Year Filed (Yes or Ho) 



I hereby claim the benefit under Title 35, United States Code, §120 
of any United States appl icat ion ( s ) listed below and, insofar as the 
subject matter of each of the claims of this application is not 
disclosed in the prior United States application in the manner 
provided by the first paragraph of Title 35, United States Code, 
§112, I acknowledge the duty to disclose material information as 
defined in Title 37, Code of Federal Regulations, §1. 56(a) which 
occurred between the filing date of the prior application and the 
national or PCT international filing date of this application: 

Application Serial No. Filing Date Status 

17 °'- t ' 5 fl "cl. 18, 1 988 Penriino 



Declaration 10°.5-1 



I hereby .loclare that all statements race herein of my own 
knowledge are true and that all statements made on information and 
belief are believed to be true; and further that these statements 
were irade with the knowledge that willful false statements and the 
like so made are punishable by fine or inpr i sonmen t , or both, 
under Section 1001 of Title 18 of the United States Code and that 
such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

I hereby appoint the following attorneys, with full power of 
substitution and revocation, to prosecute this application and to 
transftct all business in the United States Patent and Trademark 
Office connected therewith and request that all correspondence and 
telephone calls in respect to this application be directed to 
FITCH, EVEN , TABIN S FLANNF.RY, Suite 900, 135 South LaSalle 
Street, Chicago, Illinois 60603, Telephone No. (312) 372-7R42: 



Attorney 
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No. 


At torney 


Req. No. 


Morqan I.. Fitch, Jr. 


1"?, 


023 


James J. Hamill 


19, 958 


Francis A. Even 
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James J. Mvrick 
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Phillip H. Watt 
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19, 


759 


Donald L. Bartels 


28, 282 


Robert K . Schumacher 
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Timothy E. Levstik 


30,192 


Robert B. Jones 
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Virginia H. .Meyer 


30, 089 


James J. Schumann 
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Richard E . Wa k e 1 y 


26, 819 


R. Steven Pinkstaff 


20, 


448 


Joseph E. Shipley 


31,137 


J. F. nice McCubbrey 
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Full name of sole or one 

joint inventor: Stephen I ( 



Tn ventor * r. 
Date : 



Residence and Post (iff ice 
Add r ess : 



Ci t i 7.e. r :f^ : i p : 



spondence: FITCH, ^VFK, TABTN S. FLANNERY 

135 South LaSalle Street-Suite 900 
Chiccjsio, Illinois 60603-4 277 



FuLI name of sole or one 
joint inventor: 



James Warner Patrick 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



17 11 S. l'.oulevard 



Houston, TX 77u*)S 



C i t i zenship: 



United States 



Full name of sole or one 
joint inventor: 



James Richard Boulter 



Inventor's signature: 
Date : 



Residence and Post Office 
Address : 



1219 W. Mentecito Way 



San IHev.-o, CA i>2 1 03 



Citizenship: 



United State 



FuLl nim^ of solo ->r one 
joint inventor: 



l"\ ;t ii S:unsie I Uene r i ^ 



Inventor's signature: 
Da to : 

Residence ind Post Office 
Address : 



% 1 i ii u l>r i vc 



l.a .iol la , CA 92037 
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Un i ted Si ates 



Full name of sole or one 
joint inventor: 



Ke i i i IVada 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



77()() Camino Gloritu 



San lUct'o, CA 92 122 



Citizenship: 



J a jinn 



Full name of sole or one 
joint inventor: 



Inventor's signature: 
Date: 



Residence and Post Office 
Address : 



Marc Charles Ballivet 



1 5 Rue Mu ■ v 



1207 Geneva 



Sw i t :cr 1 and 



C i t i zensh ip: 



Full najn: of sole or one 
joint inventor: 

Inventor's signature: 
Da te : 

Rosil'ince and Post Office 
Address : 



Pan it 1 lav Co J dman 



U'm)7 South Boulevard 



Ann Arbor, Ml 4 8 10*1 



Ci ti zensh ip: 
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United States 



Full name of sole or one 
joint inventor: 



John Gerard Connolly 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



223 Ocean Street 



So I ana Hc;ich, CA 9207S 



Citizenship: 



1 1 11 i toil K i n^dom 



Full name of sole or one 
joint inventor: 



Robert Michael Duvoisin 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



1 29 10th Street, if E 



Del Mar, CA 92 01-1 



C i t i zensh i p: 



Sw i tzc r 1 and 



FuLl name of sole or one 
joint inventor: 



I doii Mco r lie i nciiKtnn 



Inventor's signature: 
Date: 

Residence and Post Office 
Address : 



1 Id Stonner Street, Apt. 8 



!.an i.uLs Obispo, CA 93401 



Citizenship: 



United States 
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PATENT 

Attorney Docket No.: SALK1 590-3 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Applicants: Heinemann et al. Art Unit: Unassigned 

Application No.: Unassigned Examiner Unassigned 

Filed: May 26, 2000 

Prior Application No.: 08/349,956 

Filed: December 6, 1994 

Title: NEURONAL NICOTINIC ACETYLCHOLINE RECEPTOR 
COMPOSITIONS 



" CERTIFICATE OF MAILING BY "EXPRESS MAIL" 
"EXPRESS MAIL" MAILING LABEL NO EL476992721US 



DATE OF DEPOSIT MaV 26, 2000 I HEREBY CERTIFY THAT THIS PAPER OR FEE IS BEING DEPOSITED 

WITH THE UNITED STATES POSTAL SERVICE "EXPRESS MAIL POST OFFICE TO ADDRESSEE" SERVICE UNDER 37 C F R. 1 10 ON THE DATE INDICATED 
ABOVE AND IS ADDRESSED TO THE ASSISTANT COMMISSIONER FORPATENTS, WASHINGTON, D.C 20231 




Assistant Commissioner for Patents 
Washington, D.C. 20231 



Sir: 



APPOINTMENT OF ASSOCIATE ATTORNEY 



I am attorney of record in the above-referenced patent application and, pursuant to 



37 C.F.R. 1.34b, I hereby appoint: 

JOSEPH R. BAKER 
TIM ELLIS 
LISA A. HAILE 
WILLIAM N. HULSEY III, 
RICHARD J. IMBRA 
SHEILA R. KIRSCHENBAUM 
JUNE M. LEARN 
TIMOTHY W. LOHSE 
TERRANCE A. MEADOR 
JOHN OSKOREP 
STEPHEN E. REITER 
STEVEN R. SPRINKLE 
RAMSEY R. STEWART 
DAVID R. STEVENS 
BARRY N. YOUNG 



Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 



40,900 
41,734 
38,347 
33,402 
37,643 
44,835 
31,238 
35,255 
30,298 
41,234 
31,192 
40,825 
38,322 
38,626 
27,744 
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62574-990000 



In re Application of: 
Heinemann et al. 
Application No.: Unassigned 
Filed: May ,2000 
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PATENT 

Attorney Docket No.: SALK1 590-3 



as associate attorney of record to prosecute this application as well as any continuation and 
divisional applications and to transact all business in the Patent and Trademark Office in 
connection therewith. 



GRAY CARY WARE & FREIDENRICH llp 
4365 Executive Drive, Suite 1600 
San Diego, California 92121-2189 



Gray Cary\GT\61 84980.1 
62574-990000 



Respectfully submitted, 





Stephen*. Reiter 
Reg. No. 31,192 
Telephone: (858) 677-1409 
Facsimile: (858) 677-1465 



